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Preface to the Series 


Under the guidance of its founders Alan Boulton and Glen Baker, the Neuromethods 
series by Humana Press has been very successful since the first volume appeared 
in 1985. In about 17 years, 37 volumes have been published. In 2006, Springer 
Science+Business Media made a renewed commitment to this series. The new program 
will focus on methods that are either unique to the nervous system and excitable cells 
or which need special consideration to be applied to the neurosciences. The program 
will strike a balance between recent and exciting developments like those concerning new 
animal models of disease, imaging, in vivo methods, and more established techniques. 
These include immunocytochemistry and electrophysiological technologies. New trainees 
in neurosciences still need a sound footing in these older methods in order to apply a 
critical approach to their results. The careful application of methods is probably the most 
important step in the process of scientific inquiry. In the past, new methodologies led 
the way in developing new disciplines in the biological and medical sciences. For exam- 
ple, Physiology emerged out of Anatomy in the nineteenth century by harnessing new 
methods based on the newly discovered phenomenon of electricity. Nowadays, the rela- 
tionships between disciplines and methods are more complex. Methods are now widely 
shared between disciplines and research areas. New developments in electronic publishing 
also make it possible for scientists to download chapters or protocols selectively within a 
very short time of encountering them. This new approach has been taken into account in 
the design of individual volumes and chapters in this series. 


Wolfgang Walz 
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Preface 


In general, it is hard to compare tests used in the clinic in humans with tests used in animal 
models. While the term “translational” is being talked about a lot these days, there is little 
consensus about what translational might stand for. There are actually only a few examples 
of translational laboratories that critically use and compare models of behavioral analysis 
in both animal models and humans. Such endeavors are not trivial and are open to a lot 
of criticism about how well particular behavioral analyses might compare across species. 
Even if it might be hard to compare all aspects of certain behavioral analyses, there is still 
great value in pursuing such translational approaches. Based on what is learned in the ani- 
mal models, tests and treatment strategies might be developed to improve brain function 
in humans suffering from neurological conditions. In addition, knowledge obtained from 
human behavioral studies can be used to further improve the animal models of behavioral 
analysis. Therefore, this book focuses on approaches to translate and compare behavioral 
tests used in animals with those used in humans. These tests not only increase our under- 
standing of brain function across species but also provide objective performance measures 
and bridge the gap between behavioral alterations in humans with cognitive disorders and 
animal models of these conditions. In Chapter 1, the use of eyeblink conditioning in the 
investigation of neurological conditions at the beginning and end of the life span is dis- 
cussed. In Chapter 2, the anatomy, physiology, and behavioral analysis of the visual system 
are reviewed. In Chapter 3, correlates and analysis of motor function and animal models 
of Parkinson’s disease are described. In Chapter 4, spatial learning and memory in animal 
models and humans are discussed. Spatial learning and memory can be assessed in most 
animals and humans and are relevant as they are affected by aging and many neurological 
conditions. Emotional learning and memory, such as measured in fear conditioning, are 
reviewed in Chapter 6. In Chapter 6, the use of conditioned place preference to assess 
drug reward in humans and animal models is reviewed. Chapter 7 describes how analy- 
sis of social behavior in animal models can be used to study autism. In Chapter 8, the 
representation of uncertainty in the human and animal brain is discussed. Questions like 
how and where this occurs in the brain are pertinent to neurological disorders such as 
schizophrenia that are characterized by a fundamental misrepresentation of uncertainty, 
arising through increased stochastic noise in neural circuits. Maladaptive styles of coping 
with uncertainty could be critical for generalized anxiety disorders as well. In Chapter 9, 
the importance of considering circadian variation in the physiological and behavioral anal- 
ysis of humans and animals is discussed. In Chapter 10, the behavioral sequelae following 
Traumatic Brain Injury in humans and animal models are discussed. This is highly rel- 
evant as traditionally these sequelae have been used to screen candidate therapeutics for 
brain-injured patients. In Chapter 11, methods are reviewed to measure psychomotor sen- 
sitization in mice. Self-reports of sensitized vigor and energy levels in humans may relate 
to the more direct measurements of psychomotor sensitization in animals. These studies 
are important as they allow genetic investigations aimed at determining susceptibility to 
behavioral sensitization and neuroadaptations related to drug abuse. Chapter 12 discusses 
behavioral analyses critical to brain injury studies of experimental stroke or cardiac arrest. 
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These analyses are used to develop therapies to protect the brain during ischemic episodes 
and to enhance its potential for plasticity and repair after ischemia remains paramount. 
Finally, in Chapter 13, the use of magnetic resonance imaging (MRI) and in particu- 
lar diffusion tensor imaging (DTI) to obtain information about cellular microstructure 
through measurements of water diffusion is discussed. This methodology can be used to 
characterize cellular morphological changes, for example, those associated with develop- 
ment of the cerebral cortex. Data collected in five species (mouse, rat, ferret, baboon, and 
human) were compared to determine whether similarities in the trajectory of DTI mea- 
surements with development exist in the literature. The ability of DTI to detect changes in 
neuroanatomy in the normal developing cerebral cortex allows detecting cortical abnor- 
malities associated with various developmental disorders. 

I would like to thank all my behavioral neuroscientist colleagues who authored the 
chapters of this book for their enthusiasm in accepting my invitation and for their out- 
standing contributions. Your accomplishments made this book possible. My sincere thanks 
go also to the Humana staff for bringing it all together. Finally, I would like to thank my 
wife and our children, Daniel, Nathan, Levi, and Eden, for their continuous support and 
encouragement. My hope is that readers will greatly enjoy this book and that this will help 
in further developing and appreciating translational animal models of behavioral analysis. 


Portland, OR Jacob Raber, Ph.D. 


Contents 


Preface to the Series 6 6 sesa ke tE Ea EEEE 
Prefi? as le oo te eee we a BR Ge eh AD Wl ee dh aD Sid Ge idk a A dh a 


COMIFIONTOTS s a eae a es ae ate, Ga a a, A a 4 ae a a S a 


I; 


10. 


11. 


Eyeblink Conditioning in Animal Models and Humans .............. 
Kevin L. Brown and Diana S. Woodruff-Pak 


Anatomical, Physiological, and Behavioral Analysis 

of Rodent Vision.i.g 4°46 ea oa 2 Pack dee Dae oak oe Pak oS 
Brett G. Jeffrey, Trevor J. McGill, Tammie L. Haley, 

Catherine W. Morgans, and Robert M. Duvoisin 


Correlates and Analysis of Motor Function in Humans 

and Animal Models of Parkinson’s Disease... . 2. 2. a 
Alexandra Y. Schang, Beth E. Fisher, Natalie R. Sashkin, 

Cindy Moore, Lisa B. Dirling, Giselle M. Petzinger, 

Michael W. Jakowec, and Charles K. Meshul 


Spatial Learning and Memory in Animal Models and Humans. .......... 
Gwendolen E. Haley and Jacob Raber 


Fear Conditioning in Rodents and Humans ..............00000. 
Mohammed R. Milad, Sarah Igoe, and Scott P. Orr 


Conditioned Place Preference in Rodents and Humans .............. 
Devin Mueller and Harriet de Wit 


Social Interactions in the Clinic and the Cage: Toward a More Valid 
Mouse Model of Autism . 2... e 
Garet P. Lahvis and Lois M. Black 


The Experimental Manipulation of Uncertainty ...............00.0. 
Dominik R. Bach, Christopher R. Pryce, and Erich Seifritz 


Circadian Variation in the Physiology and Behavior of Humans and 
Nonhuman Primates .. acsi a mae ee 
Henryk F. Urbanski 


Traumatic Brain Injury in Animal Models and Humans .............. 
Hita Adwanikar, Linda Noble-Haeusslein, and Harvey S. Levin 


Behavioral Sensitization to Addictive Drugs: Clinical Relevance and 
Methodological Aspects 2... 2. e 
Tamara J. Phillips, Raúl Pastor, Angela C. Scibelli, Cheryl Reed, 

and Ernesto Tarragon 


xi 


xii 


12. 


13. 


Contents 


Evaluating Behavioral Outcomes from Ischemic 

Brain DWY ae ste oS Gi ae ot Se Gok we kW cee ot Gi ae Gey eh eh wr OE we aA 307 
Paco S. Herson, Julie Palmateer, Patricia D. Hurn, 

and A. Courtney DeVries 


A Comparative Analysis of Cellular Morphological Differentiation Within 
the Cerebral Cortex Using Diffusion Tensor Imaging ............... 329 
Lindsey A. Leighand and Christopher D. Kroenke 


Contributors 


HITA ADWANIKAR e Department of Neurological Surgery, University of California, San 
Francisco, CA, USA 

DOMINIK R. BACH e Wellcome Trust Centre for Neuroimaging, University College 
London, London, UK 

Lots M. BLACK e Center for Spoken Language Understanding, Oregon Health and 
Science University, Beaverton, OR, USA 

KEVIN L. BROWN e Neuroscience Program and Department of Psychology, Temple 
University, Philadelphia, PA, USA 

A. COURTNEY DEVRIES e Department of Psychology, The Ohio State University, 
Columbus, OH, USA 

HARRIET DE WIT e Department of Psychiatry and Behavioral Neuroscience, The Univer- 
sity of Chicago, Chicago, IL, USA 

LISA B. DIRLING e Portland Veterans Affairs Medical Center, Portland, OR, USA 

ROBERT M. DUVOISIN e Department of Physiology and Pharmacology, Oregon Health 
and Science University, Portland, OR, USA 

BETH E. FISHER e Department of Physical Therapy, University of Southern California, 
Los Angeles, CA, USA 

GWENDOLEN E. HALEY e Department of Behavioral Neuroscience, Oregon Health and 
Science University, Portland, OR, USA 

TAMMIE L. HALEY e Department of Physiology and Pharmacology, Oregon Health and 
Science University, Portland, OR, USA 

PACO S. HERSON e Department of Anesthesiology and Perioperative Medicine, Oregon 
Health and Science University, Portland, OR, USA 

PATRICIA D. HURN e Department of Anesthesiology and Perioperative Medicine, Oregon 
Health and Science University, Portland, OR, USA 

SARAH IGOE e Department of Psychiatry, Massachusetts General Hospital and Harvard 
Medical School, Boston, MA, USA 

MICHAEL W. JAKOWEC e Department of Neurology and Department of Cell and Neuro- 
biology, University of Southern California, Los Angeles, CA, USA 

BRETT G. JEFFREY e Oregon National Primate Research Center, Oregon Health and 
Science University, Beaverton, OR, USA; Casey Eye Institute, Oregon Health and Science 
University, Portland, OR, USA 

CHRISTOPHER D. KROENKE e Department of Behavioral Neuroscience, Advanced 
Imaging Research Center, Oregon Health and Science University, Portland, OR, USA; 
Division of Neuroscience, Oregon National Primate Research Center, Oregon Health and 
Science University, Portland, OR, USA 

GARET P. LAHVIS e Department of Behavioral Neuroscience, Oregon Health and Science 
University, Portland, OR, USA 

LINDSEY A. LEIGLAND e Department of Behavioral Neuroscience, Advanced Imaging 
Research Center, Oregon Health and Science University, Portland, OR, USA 


xiii 


xiv Contributors 


HARVEY S. LEVIN e Physical Medicine and Rehabilitation Alliance of Baylor College of 
Medicine and the University of Texas-Houston Medical School, Houston, TX, USA 

TREVOR J. MCGILL e Casey Eye Institute, Oregon Health and Science University, 
Portland, OR, USA 

CHARLES K. MESHUL e Electron Microscopy Facility, Veterans Affairs Medical Center, 
Portland, OR, USA; Department of Behavioral Neuroscience and Pathology, Oregon 
Health and Science University, Portland, OR, USA 

MOHAMMED R. MILAD e Department of Psychiatry, Massachusetts General Hospital and 
Harvard Medical School, Boston, MA, USA 

CINDY MOORE e Portland Veterans Affairs Medical Center, Portland, OR, USA 

CATHERINE W. MORGANS e Casey Eye Institute, Oregon Health and Science University, 
Portland, OR, USA 

DEVIN MUELLER è Department of Psychology, University of Wisconsin-Milwaukee, 
Milwaukee, WI, USA 

LINDA NOBLE-HAEUSSLEIN e Departments of Neurological Surgery and Department 
of Physical Therapy and Rehabilitation Science, University of California, San Francisco, 
CA, USA 

SCOTT P. ORR e Department of Psychiatry, Massachusetts General Hospital and Harvard 
Medical School, Boston, MA, USA; Department of Veterans Affairs Medical Center, 
Manchester, NH, USA 

JULIE PALMATEER e Department of Anesthesiology and Perioperative Medicine, Oregon 
Health and Science University, Portland, OR, USA 

RAUL PASTOR e Department of Behavioral Neuroscience, Portland Alcohol Research 
Center, Methamphetamine Abuse Research Center, Oregon Health C Science University, 
Portland, OR, USA; Area de Psicobiologia, Universitat Jaume I, Castellon, Spain 

GISELLE M. PETZINGER e Department of Neurology, University of Southern California, 
Los Angeles, CA, USA 

TAMARA J. PHILLIPS e Department of Behavioral Neuroscience, Portland Alcohol 
Research Center, Methamphetamine Abuse Research Center, Oregon Health & Science 
University, Portland, OR, USA; Portland Veterans Affairs Medical Center, Portland, 
OR, USA 

CHRISTOPHER R. PRYCE e Preclinical Laboratory for Translational Research into 
Affective Disorders, Clinic for Affective Disorders and General Psychiatry, Psychiatric 
University Hospital Zurich, Zurich, Switzerland 

JACOB RABER e Department of Behavioral Neuroscience and Neurology, Oregon Health 
and Science University, Portland, OR, USA; Division of Neuroscience, Oregon National 
Primate Research Center, Oregon Health and Science University, Portland, OR, USA 

CHERYL REED e Department of Behavioral Neuroscience, Portland Alcohol Research 
Center, Methamphetamine Abuse Research Center, Oregon Health & Science University, 
Portland, OR, USA 

NATALIE R. SASHKIN e Portland Veterans Affairs Medical Center, Portland, OR, USA 

ALEXANDRA Y. SCHANG e Department of Physical Therapy, University of Southern 
California, Los Angeles, CA, USA 

ANGELA C. SCIBELLI e Department of Behavioral Neuroscience, Portland Alcohol 
Research Center, Methamphetamine Abuse Research Center, Oregon Health & Science 
University, Portland, OR, USA 

ERICH SEIFRITZ e Clinic for Affective Disorders and General Psychiatry, Psychiatric 
University Hospital Zurich, Zurich, Switzerland 


Contributors XV 


ERNESTO TARRAGON e Area de Psicobiologia, Universitat Jaume I, Castellón, Spain 

HENRYK F. URBANSKI è Department of Neuroscience, Oregon National Primate Research 
Center, Oregon Health and Science University, Beaverton, OR, USA 

DIANA S. WOODRUFE-PAK e Neuroscience Program and Department of Psychology, 
Temple University, Philadelphia, PA, USA 


Chapter 1 


Eyeblink Conditioning in Animal Models and Humans 


Kevin L. Brown and Diana S. Woodruff-Pak 


Abstract 


The knowledge base on behavioral parameters and neural substrates involved in eyeblink classical con- 
ditioning is extensive and continues to expand. The close parallels in behavior and neurobiology in 
mammalian species including humans make eyeblink conditioning an ideal paradigm for translational 
studies. Applications presented in this chapter include eyeblink conditioning’s utility in the investiga- 
tion of severe neurological conditions at the beginning and end of the life span: fetal alcohol syndrome 
(FAS) and Alzheimer’s disease (AD). Recent studies in children with FAS demonstrate that delay eye- 
blink conditioning has a high sensitivity for diagnosis of prenatal exposure to alcohol. Contributing to 
the understanding of the neural mechanisms in the cerebellum damaged by prenatal alcohol exposure 
is a developmental rat model tested with eyeblink classical conditioning. Disruption of the hippocampal 
cholinergic system is associated with impaired delay eyeblink conditioning in normal rabbits. This result 
led to the hypothesis that the hippocampal cholinergic disruption observed early in AD might cause delay 
eyeblink conditioning to be impaired. This hypothesis was confirmed, and delay eyeblink conditioning 
has been demonstrated to have high sensitivity for AD. The hypercholesterolemic rabbit model of AD 
shows many neuropathologies of human AD and is impaired in delay eyeblink conditioning. Both the rat 
FAS and the rabbit AD models have demonstrated utility in the elucidation of disease mechanisms and 
the identification of treatments. 


1. Introduction 


The neural circuitry underlying classical eyeblink conditioning 
has been elaborated extensively (1, 2). The essential site of 
the plasticity for learning in all eyeblink conditioning paradigms 
resides in the cerebellum, and the hippocampus modulates learn- 
ing in some paradigms and is essential in others. In eyeblink 
conditioning paradigms in which the hippocampus is essential, 
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frontal cortical substrates are also engaged (3). Research with 
normal human adults using positron emission tomography (PET, 
4), functional magnetic resonance imaging (fMRI, 5), dual-task 
paradigms (6), and human patients with neurological disease (7) 
demonstrates dramatic parallels among mammals in the brain 
structures engaged in eyeblink classical conditioning. 

There are dramatic neurobiological and behavioral parallels 
in eyeblink conditioning in humans and non-human mammals 
including mice, rats, cats, rabbits, and monkeys. Parallels in the 
impairment of eyeblink conditioning in normal aging have been 
demonstrated in rats, rabbits, cats, and humans. The striking sim- 
ilarities in this behavior and its neural substrates among all mam- 
mals make results observed in non-human mammals directly rel- 
evant to humans. 

The basic classical conditioning paradigm was identified and 
named by Ivan Pavlov as the “delay” paradigm and involves 
the presentation of a neutral stimulus, the conditioned stimulus 
(CS) followed after a time delay by the reflex-eliciting uncondi- 
tioned stimulus (US). Learning occurs when the organism asso- 
ciates the CS with the US, producing a conditioned response 
(CR). A widely used variant of the delay paradigm is the “trace” 
paradigm (also named by Pavlov) in which CS offset precedes a 
blank trace period when no stimuli are presented. The CS and 
US must be associated even though they do not overlap. There 
are a number of additional variants of classical conditioning, but 
our focus is on delay and trace eyeblink classical conditioning (see 
Fig. 1.1 for illustrations of various eyeblink conditioning pro- 
cedures we used in the research described in this chapter). The 
extensive behavioral characterization of eyeblink classical condi- 
tioning over the life span of several mammalian species, includ- 
ing humans, along with knowledge of the basic neural circuitry 
underlying this form of learning has made it useful in transla- 
tional research in a number of domains. Our focus for this chap- 
ter will be on two applications that occur very early and very 
late in life: fetal alcohol syndrome (FAS) and Alzheimer’s dis- 
ease (AD). Detailed materials and methods will appear at the end 
of the chapter, after background information on FAS and AD is 
provided. 


In addition to the neurobiological parallels among mammalian 
species, there are dramatic parallels in eyeblink conditioning in 
development over the life span. Most of the life-span data have 
been collected in adulthood, where it has been demonstrated that 
age-related eyeblink conditioning deficits appear in rats, rabbits, 
and humans in middle age. A basis for drawing parallels between 
rodent and human developmental models was demonstrated with 
the description of techniques and results with eyeblink classical 
conditioning in 4- and 5-month-old infants (8). This approach 
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Fig. 1.1. Eyeblink conditioning paradigms typically used in human and rabbit studies of 
Alzheimer’s disease and in rat studies of fetal alcohol spectrum disorders. In the 400- 
ms delay paradigm (7), a 500-ms conditioned stimulus (CS) precedes, overlaps, and 
coterminates with a 100-ms airpuff unconditioned stimulus (US). In the 750-ms delay 
paradigm (2), an 850-ms CS precedes, overlaps, and coterminates with a 100-ms airpuff 
US. In the 750-ms trace paradigm (3), a 250-ms CS precedes a 100-ms airpuff US. A 
500-ms stimulus-free “trace” interval is imposed between the offset of the CS and the 
onset of the US. The 750-ms delay and trace paradigms are matched for the 750-ms 
interstimulus interval (ISI) between CS and US onset. In the 280-ms delay paradigm often 
used in studies with rats (4), a 380-ms CS precedes, overlaps, and coterminates with a 
100-ms periocular shock US. The 880-ms delay paradigm (5) is also typically used in rat 
studies and consists of a 980-ms CS that precedes, overlaps, and coterminates with a 
periocular shock US. Parameters for auditory CSs used in these studies range between 
1-2.8 kHz and 70-85 dB. 


has the potential to offer fundamentally important data on the 
early development of cognitive and neurobehavioral disorders. 


Prenatal alcohol exposure is associated with a variety of physi- 
cal, behavioral, and neuropsychological impairments and in some 
cases, fetal death. Fetal alcohol syndrome (FAS), the leading pre- 
ventable cause of mental retardation in the Western world (9), is 
characterized by a distinct facial appearance (indistinct philtrum; 
thin upper lip; short palpebral fissures), CNS dysfunction (micro- 
cephaly; IQ deficits), and growth impairments (at or below tenth 
percentile for height or weight) resulting from heavy prenatal 
alcohol exposure in humans (10-14). 
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1.1.1.1. Anatomical 
Abnormalities in Fetal 
Alcohol Spectrum 
Disorders 


1.1.2. Rat Models of 
Fetal Alcohol Spectrum 
Disorders 


Fetal alcohol spectrum disorders (FASDs) is a term used to 
encompass the range of effects resulting from prenatal alcohol 
exposure (15, 16) and is associated with widespread brain damage 
and impairments in many domains, including executive function- 
ing/attention, motor coordination, spatial memory, and social 
functioning (13, 17-21). Incidence of FASDs in the USA is esti- 
mated at 0.9-1 of every 100 births (14, 22), with annual costs 
exceeding $4 billion (23). 


Certain brain regions appear to be particularly susceptible to pre- 
natal alcohol exposure, including the corpus callosum, basal gan- 
glia, specific cerebral cortical regions, and — most relevant to this 
review — the cerebellum (13, 24-26). The cerebellum is associ- 
ated with motor coordination, including balance, postural adjust- 
ment, and associative learning (e.g., eyeblink conditioning). Cere- 
bellar dysmorphology in the form of region-specific hypoplasia 
and displacement is among the most widely reported anatomical 
abnormalities in the FASD literature (24, 27-31). Impairments in 
domains of motor functioning (i.e., balance; coordination) have 
been cited as well (12, 32, 33). Roebuck et al. (34) examined bal- 
ance and postural sway in FASD children and controls to assess 
possible cerebellar-related impairments. The Sensory Organiza- 
tion Test was used to assess the influence of various modes of 
sensory information on the maintenance of balance. When visual 
and particularly somatosensory information was compromised or 
absent, FASD children performed more poorly (as measured by 
postural stability). However, no group differences emerged when 
only visual information was compromised, suggesting that cere- 
bellar dysfunction may make FASD children particularly sensitive 
to altered somatosensory input. 

These findings are significant in that they demonstrate 
the importance of task selection in identifying alcohol-induced 
impairments. Furthermore, while the deficits appear to be cere- 
bellar dependent, possible effects on peripheral mechanisms can- 
not be ruled out. To obviate such potential confounds, cerebellar- 
dependent tasks that limit demands on multi-joint coordination 
may be ideal (c.f., 35). Toward that end, eyeblink classical condi- 
tioning may provide clearer indications of cerebellar dysfunction 
in FASDs (further details on eyeblink conditioning in the study 
of FASDs are presented below). 


Various animal models involving early developmental alcohol 
exposure have produced CNS deficits similar to those observed 
in human FASD. The period of most rapid brain growth that is 
often most susceptible to environmental insult (termed the “brain 
growth spurt”) occurs at different relative points in ontogeny 
across species and must be taken into consideration (36). In rats, 
the brain growth spurt occurs within the first 2 weeks of postnatal 
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life. This period of brain development in rats is considered “devel- 
opmentally equivalent” (e.g., in terms of region-specific synapto- 
genesis and other critical developmental stages) to third trimester 
human fetuses. The rat model of FASD is useful in that (a) neu- 
rological anomalies (e.g., cerebellar damage) in rats exposed to 
alcohol during critical developmental periods are similar to those 
observed in human FASD, and (b) because of the extensively doc- 
umented behavioral capacities of rats, demonstrating functional 
(behavioral) impairments resulting from early alcohol exposure is 
easier to demonstrate relative to other species. 

The rodent cerebellum, like in humans, is highly sensitive 
to early developmental alcohol exposure. Studies of alcohol- 
related cerebellar damage typically focus on Purkinje cells, pre- 
natally generated neurons that receive massive sensory input 
and represent the sole output of the cerebellar cortex. Early 
studies revealed Purkinje cell depletion following alcohol expo- 
sure spanning prenatal and postnatal periods (GD12-PD4; 37). 
While alcohol exposure (blood alcohol concentrations (BACs) 
> 400 mg/dl) restricted to gestation is capable of deplet- 
ing Purkinje cell populations (38), the neonatal period (“brain 
growth spurt”) appears to be a particularly sensitive period. Mar- 
cussen et al. (39) found reduced vermal Purkinje cell num- 
bers at PD10 in subjects exposed postnatally (PD4-9; BACs 
~ 200 mg/dl) but not in those exposed prenatally (GD13-18; 
BACs > 250 mg/dl). Enhanced sensitivity during the neonatal 
period was further demonstrated by Maier et al. (40), as exposure 
during all three trimesters equivalent (gestation plus PD4~9) or 
the “third trimester equivalent” only reduced Purkinje cell pop- 
ulations, with no such impairments observed following alcohol 
exposure limited to gestation. 


Early work was successful in achieving substantial cerebellar 
microcephaly (small brain relative to body size) and reductions 
in cerebellar neuronal populations (Purkinje cells; granule cells) 
at PD10 following postnatal (PD4—10) binge-like exposure to 
high alcohol doses (BACs > 450 mg/dl; 41). Later studies 
employing alcohol delivery over this period demonstrated that 
(a) more moderate doses (4.5 g/kg) are sufficient to produce 
brain damage, (b) the pattern of exposure is critical, as lower doses 
(4.5 g/kg) condensed into more frequent deliveries (binge-like) 
produce greater cerebellar damage than a higher dose (but lower 
BACs; 6.6 g/kg) gradually delivered over a longer period, and (c) 
brain damage persists into adulthood (42, 43). 

Alcohol was delivered via artificial rearing in some of the early 
studies (e.g., 42, 43). Artificial rearing entails surgical implan- 
tation of feeding tubes into the stomach which justifiably raises 
concerns over unwanted surgery/stress effects. Another deliv- 
ery method is exposure to ethanol vapors, which results in 
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1.1.2.2. Regional 
Selectivity and Critical 
Periods in the Neonate 


1.1.2.3. Behavioral 
Effects 


1.1.2.4. Eyeblink 
Conditioning in Rats 


comparable BACs and Purkinje cell depletions (44, 45). Both 
delivery methods include extended periods of maternal separa- 
tion. Intragastric intubation, a method in which a polyethylene 
tube is inserted down the esophagus and into the stomach for 
alcohol delivery (46, 47), avoids these concerns as maternal sepa- 
ration is minimal. 


An outcome of neonatal alcohol exposure that is robust across 
a variety of doses, patterns of dosing, and delivery methods are 
findings of enhanced regional vulnerability. Deficits are consis- 
tently shown in earlier-maturing (i.e., I, II, XI, X) relative to later- 
maturing cerebellar cortical lobules (i.e., VI, VII; 4, 42, 43, 45, 
48). Furthermore, neonatal binge-like alcohol effects upon Purk- 
inje cells depend both on dose and exposure period within the 
PD4—9 window (the PD4—9 dosing period has often been used in 
“third trimester” equivalent models). While daily neonatal alco- 
hol exposure to 4.5 g/kg* (BACs generally > 200 mg/dl) is typ- 
ically used to obtain Purkinje cell depletion (e.g., 42, 46, 49), 
slightly lower doses delivered in a binge fashion (i.e., 3.3 g/kg 
delivered across two feedings or 2.5 g/kg at once — BACs ~ 150- 
200 mg/dl) are also capable of producing moderate neuronal loss 


(39, 50). 


Alcohol-induced brain damage is truly problematic insofar as it 
compromises quality of life, vis-a-vis behavioral and cognitive 
impairments. The primary behavioral deficits reported as a result 
of neonatal exposure in rodents are generally in the spatial and 
motor domains. Neonatal alcohol exposure also impairs tradi- 
tionally recognized cerebellar-dependent tasks that place high 
demands on motor control (i.e., parallel bar and rotating rod; 
51-53). Though Purkinje neuronal loss has been correlated 
with motor performance deficits (53), establishing links between 
alcohol-induced cerebellar damage and behavior is difficult in 
these instrumental tasks that require complex multi-joint coor- 
dination. Cerebellar-dependent Pavlovian tasks like eyeblink clas- 
sical conditioning which utilize an easily measurable reflexive 
response and engage a well-defined neural circuit (54) provide 
a more promising avenue for investigation of causal relationships 
between alcohol-induced brain damage and behavior (35, 55). 


The extensive behavioral (56) and neurobiological (54) data com- 
piled for the first two decades of research on animal models of eye- 
blink conditioning has focused on the rabbit model, due in part 
to their tolerance for restraint. Because rats do not accept restraint 
as well as rabbits, their testing in eyeblink conditioning requires a 
freely moving preparation. This was established by Ronald Skel- 
ton in the late 1980s using adult Long Evans rats (57). Mark 
Stanton adapted this freely moving preparation to developing rats. 
Specifically, the seminal report on this body of work (58) showed 


1.1.3. Fetal Alcohol 
Spectrum Disorders 
Models and Eyeblink 
Conditioning 
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that eyeblink conditioning in the rat using a short-delay paradigm 
(280 ms interstimulus interval — ISI — between CS and US onset — 
Fig. 1.1) develops gradually between postnatal days (PD) 17 and 
24. Furthermore, acquisition differences across ages cannot be 
attributed to differences in CS or US processing (58), increas- 
ing US intensity or varying the ISI does not overcome failures of 
conditioning at PD17 (59), and the learning (conditioned eye- 
blink responses (CRs)) present in weanlings is cerebellar depen- 
dent (60, 61). John Freeman and colleagues have replicated the 
behavioral emergence of eyeblink conditioning in rats (PD17- 
24; see 62) and, through electrophysiological recording of various 
components of the putative cerebellar—brainstem “eyeblink” cir- 
cuit, have offered insights into the underlying mechanisms of the 
ontogeny of eyeblink conditioning. 


The neonatal binge alcohol exposure paradigm results in dam- 
age to multiple components of the critical eyeblink conditioning 
circuit (42, 63, 64). In an effort to translate neurological impair- 
ments suffered as a result of neonatal alcohol exposure as directly 
as possible to functional (behavioral) impairments in cerebellar- 
mediated tasks, Mark Stanton and Charles Goodlett adapted the 
neonatal binge alcohol rat model to the freely moving developing 
rat eyeblink preparation (65). Using the artificial rearing method 
of binge-like alcohol delivery at doses of 5.25 g/kg/day to Long 
Evans rats over PD4—9, Stanton and Goodlett (65) reported sig- 
nificant impairments in conditioning in alcohol-exposed rats rel- 
ative to controls when eyeblink testing occurred over PD23- 
24. Importantly, these impairments appeared to be associative in 
nature, as CS and US processing were unimpaired as a result of 
neonatal alcohol exposure. 

Subsequent reports applying the neonatal binge exposure 
model (5 g/kg/day of alcohol) to the freely moving rat eye- 
blink preparation have utilized the intragastric intubation method 
and have advanced the findings of Stanton and Goodlett (65) by 
(a) further showing that impairments in conditioned responding 
appear to be associative in nature, as unpaired CS—US training 
does not yield robust CR generation differences as a function of 
neonatal treatment (66, 67), (b) associative deficits persist into 
adulthood (66, 68-71), and (c) CR deficits are correlated with 
cerebellar neuronal loss (67, 69) and impaired cerebellar elec- 
trophysiological activity (68). This rodent model appears to be 
applicable to the human condition, as children with FAS are also 
impaired in acquisition of eyeblink classical conditioning (72, 
73). Furthermore, recent studies from Mark Stanton’s labora- 
tory have revealed deficits in eyeblink conditioned responding 
in both post-weanling (74) and adult rats (75) following PD4- 
9 binge exposure to alcohol doses as low as 3-4 g¢/kg/day. These 
dose-dependent deficits were revealed when using more complex 
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1.2. Alzheimer’s 
Disease 


variants of eyeblink conditioning — e.g., ISI discrimination — rela- 
tive to the single-cue paradigms typically employed. In ISI dis- 
crimination, two distinct CSs (tone and light) are paired with 
the US at two different CS—US intervals (280 and 880 ms ISI — 
Fig. 1.1). 


Severe memory loss is the most prominent clinical symptom of 
AD, and this memory impairment has long been associated with 
impairment in acetylcholine neurotransmission. Disrupted cholin- 
ergic neurotransmission is not the single cause of memory loss 
in AD, but this deficit characteristic of AD clearly impairs mem- 
ory (76). Research in our laboratory testing patients diagnosed 
with AD began with an idea based on results from the rabbit eye- 
blink conditioning experiments. We knew from the animal studies 
that acetylcholine neurotransmission in the medial temporal lobes 
(specifically, the pathway from the medial septum into the hip- 
pocampus) was activated during eyeblink conditioning. Based on 
the results with the animal model, we hypothesized that patients 
with a diagnosis of probable AD would be impaired in eyeblink 
conditioning beyond the deficit due to normal aging, because AD 
damages the cholinergic system of the human brain (77). 

Our hypothesis that eyeblink conditioning would be severely 
impaired in patients with AD was initially confirmed in a sample 
of 40 elderly adults, half of whom were diagnosed with prob- 
able AD (78). There were very significant differences in eye- 
blink conditioning between the patients and age-matched, non- 
demented control subjects. Normal older adults are impaired in 
eyeblink classical conditioning compared to young adults, but 
all age groups of normal, non-demented adults, including adults 
in their 80s and 90s, show clear evidence of associative learning 
(79). In probable AD, there is very limited eyeblink conditioning 
in the first session of testing. However, when given a sufficient 
number of training trials (e.g., 4 or 5 days of 90-trial presen- 
tations), patients diagnosed with probable AD acquire condi- 
tioned eyeblink responses (called CRs; 80, 81). This slowing of 
the rate of acquisition occurs in the animal model when antago- 
nists to acetylcholine neurotransmission are introduced (82, 83). 
There is strong evidence that the site of interference of choliner- 
gic antagonists in rabbits is the hippocampus (84). The facts that 
patients with AD are slow to acquire CRs and that AD patients 
do eventually acquire CRs are parallel to results in rabbits injected 
with antagonists to acetylcholine. Disruption of the hippocampal 
cholinergic system prolongs acquisition of CRs, but organisms 
eventually condition. 

Solomon et al. (85) reported disruption of eyeblink condi- 
tioning in the 400-ms delay paradigm (Fig. 1.1) in a sample of 
probable AD patients in their early 70s — a decade younger than 
the Woodruff-Pak et al. (78) sample. Woodruff-Pak et al. (86) 
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carried out an additional replication in the 400-ms delay 
procedure testing 28 patients with probable AD and 28 healthy 
age-matched control subjects. Patients diagnosed with cere- 
brovascular dementia were also tested for this study, and eye- 
blink conditioning was shown to differentiate some cerebrovascu- 
lar dementia patients from patients with probable AD. Eyeblink 
conditioning in adults over the age of 35 years with Down’s 
syndrome and presumably AD was similar to conditioning in 
probable AD patients (87, 88). Conditioning in patients with 
neurodegenerative disease that does not affect the critical cere- 
bellar eyeblink conditioning circuitry or disrupt the hippocampal 
cholinergic system is relatively normal. For example, patients with 
Huntington’s disease (89) and Parkinson’s disease (90, 91) have 
intact eyeblink conditioning. 

We combined the data over several studies from 61 proba- 
ble AD patients and 100 normal age-matched older adults that 
we had tested in the 400-ms delay eyeblink conditioning proce- 
dure. To these data we applied a bivariate logistic regression anal- 
ysis using percentage of CRs to predict diagnosis (92). With per- 
centage of CRs as the only predictor, the area under the receiver 
operating characteristic curve (AROC) was 73%. Prediction was 
improved when age and gender were added to the model. In 
a multivariable logistic regression model including age, gen- 
der, and percentage of CRs, the model accurately distinguished 
patients with and without probable AD with AROC of 79.8%. 
Both the bivariate and the multivariable logistic models were 
statistically significant (p < 0.0001). The 400-ms delay eyeblink 
classical conditioning paradigm has utility in identifying patients 
with AD. 

We have used the delay eyeblink conditioning paradigm on 
the basis that the hippocampus modulates acquisition of CRs in 
the cerebellum. When the hippocampal cholinergic system is dis- 
rupted, the cerebellum is disrupted and acquisition is delayed. 
But some have argued that since the trace eyeblink conditioning 
paradigm is hippocampus dependent, it should be a more sen- 
sitive test of AD. Before Clark and Squire (93) demonstrated 
that the trace had to be 1,000 ms long for the paradigm to be 
hippocampus dependent in humans, we tested patients with AD 
in the 750-ms trace paradigm (Fig. 1.1) and compared perfor- 
mance to the 400-ms delay paradigm (94). Though AD patients 
acquired a lower percentage of CRs in the 750-ms trace paradigm 
relative to controls, AD patients performed better in the 750-ms 
trace paradigm than in the 400-ms delay paradigm. We are not 
aware that AD patients have been tested in a long-trace paradigm, 
which is difficult to implement because the human spontaneous 
eyeblink rate is around one blink per second. It becomes difficult 
to determine which responses are CRs and which are spontaneous 
eyeblinks. 
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1.2.1. Rabbits as Models 
for Alzheimer’s Disease 


Longitudinal results suggest that 400-ms delay eyeblink con- 
ditioning has utility in the early detection of dementia. A 3-year 
longitudinal study of non-demented adults tested on eyeblink 
conditioning revealed that three normal subjects testing in the 
AD range (producing less than 25% CRs) at Time 1 became 
demented within 2 or 3 years (95). A fourth “normal” subject 
who scored just above criterion (26% CRs) also developed demen- 
tia within 2 years of the initial testing. A fifth subject in this group 
became demented and died within a year of the initial testing. 
Thus, of eight non-demented subjects age-matched to proba- 
ble AD patients who scored on eyeblink conditioning in the AD 
range, only three were cognitively normal at the end of a 3-year 
period and 63% became demented within 2-3 years. Age-matched 
non-demented subjects scoring above criterion remained cogni- 
tively intact during the period of the longitudinal investigation. A 
second longitudinal study followed 20 cognitively normal elderly 
participants (half good-conditioners; half poor-conditioners) over 
a 2-year period (96). A neuropsychological test battery adminis- 
tered 2 years after the initial eyeblink conditioning test revealed 
significantly worse performance in poor conditioners on visuospa- 
tial abilities, semantic memory, and language abilities showing 
early decline in AD. Over a 2-year period, two of the poor con- 
ditioners (and none of the good conditioners) failed significantly, 
and one was diagnosed with probable AD. 


Rabbits are in the order Lagomorpha and have as separate ances- 
try from rodents. To assess the evolutionary relationships of Lago- 
morpha to other taxa, Graur and colleagues (97) used orthol- 
ogous protein sequences. A total of 91 protein sequences were 
analyzed, and reconstructions revealed that primates are phylo- 
genetically closer to lagomorphs than are Rodentia. From a phy- 
logenetic standpoint, rabbits are closer than rodents to human 
primate ancestry. 

From the standpoint of the Af proteins that are the cen- 
tral pathologic processes associated with neurodegeneration in 
AD, rabbit models have a definite advantage. The rabbit’s closer 
phylogenetic relation to primates is expressed in the amino acid 
sequence of AB, which is 97% identical to the human sequence 
(98). They form AB plaques. Species such as mouse and rat have 
a different amino acid sequence for AB and do not form these 
plaques. 

As a species for cognitive assessment, rabbits have another 
advantage. On no other species is there such a large body of para- 
metric data on the classically conditioned eyeblink response as on 
the rabbit (99). Much of the general literature on classical con- 
ditioning is based on data collected in the rabbit. From the early 
work of Hilgard in the 1930s with human eyeblink conditioning, 
Gormezano in the 1960s with rabbit eyeblink conditioning, and 
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subsequent work of their colleagues and students, the parallels 
between rabbit and human eyeblink classical conditioning have 
been demonstrated empirically for decades. 

It was the initial knowledge that eyeblink conditioning was 
impaired in normal aging in rabbits and humans that made 
this well-characterized model attractive for the investigation of 
neurobiological substrates of age-related memory impairment. 
The model system of eyeblink classical conditioning might be 
“the Rosetta stone for brain substrates of age-related deficits in 
learning and memory” (100). Both rabbits and humans show 
age-associated deficits in conditioning, and these can be easily dis- 
sociated from age-associated changes in sensory systems (i.e., dif- 
ferences in sensory thresholds for detection of the conditioned 
stimulus) or motor systems (differences in reflexive eye blink 
amplitude). Rabbits and humans also show parallel age-associated 
changes in the neural substrates critical for eyeblink classical con- 
ditioning, the cerebellum, and the hippocampus. Age-associated 
deficits can be artificially induced in both young rabbit and 
young human subjects with drugs that affect cholinergic neuro- 
transmission, and age-associated deficits can be reversed in rab- 
bits with drugs approved to treat cognitive impairment in AD 
(101). The fact that the same classical conditioning paradigm 
can be tested in both rabbits and humans makes eyeblink 
conditioning a valuable preclinical test of cognition-enhancing 
drugs. 

One of the strengths of using eyeblink conditioning as a 
model of age-associated deficits in learning and memory is that 
both humans and rabbits show similar deficits as they age. 
Humans begin to show age-associated deficits in eyeblink con- 
ditioning at about 40-50 years of age (79, 102). Rabbits begin 
to show age-associated deficits at approximately 2 years of age 
(103). Based on declines in reproductive capacity, a 2-year-old 
rabbit is equivalent to a 40—45-year-old human, which suggests 
similar onset of age-associated declines in eyeblink conditioning 
in both humans and rabbits. Furthermore, the results found with 
rabbits appear to generalize to other non-human species, such as 
mice, rats, and cats. 

The combined advantages of rabbits as a research species 
are numerous. Rabbits have a closer phylogenetic proximity to 
primates than do rodents, rabbits have an extensively character- 
ized profile on a measure of learning and memory that closely 
parallels human performance, and rabbits and humans have a 
documented profile of age-related parallels in learning impair- 
ment. The model system of rabbit eyeblink conditioning has been 
used extensively to elucidate mechanisms of learning and memory 
in normal aging. Age is currently the best predictor of AD 
in humans. 


12 Brown and Woodruff-Pak 


1.2.1.1. The 
Cholesterol-Fed Rabbit 
as a Model of 
Alzheimer’s Disease 


1.2.1.2. Cholesterol-Fed 
Rabbits, Eyeblink 
Conditioning, and 
Therapeutic 
Interventions 


Vascular risk factors such as hypertension, type 2 diabetes, 
abnormal lipid levels, and obesity are risk factors common to 
Alzheimer’s and cardiovascular disease. Observations of A$- 
containing senile plaques in the brains of human patients with 
cardiovascular disease led Sparks and colleagues (104) to examine 
the heretofore unexplored brains of a long-standing animal model 
of heart disease, the cholesterol-fed rabbit. 

An extensive elaboration of this rabbit model of AD has 
demonstrated that the cholesterol-fed rabbit is a valid model of 
AD on a number of levels. At a molecular level, the brain of this 
animal model has numerous (>12) features similar to the pathol- 
ogy observed in the AD brain including elevated AB concentra- 
tion, neuronal accumulation of AB immunoreactivity, extracellular 
AB plaques, reduced levels of acetylcholine, elevated brain choles- 
terol, apolipoprotein E immunoreactivity, breaches in the blood- 
brain barrier, microgliosis, and neuronal loss. 

Sparks also discovered that increased levels of AB in the 
brains of cholesterol-fed rabbits were dependent on the quality 
of the water the animals were administered. Animals given tap 
water accumulated considerably more Af in the brain than ani- 
mals administered distilled water (105). It was in a collaborative 
attempt to demonstrate cognitive validity of cholesterol-fed rab- 
bits that Sparks discovered that it was trace amounts of copper 
in the drinking water that were responsible for the higher levels 
of AB in the brain in comparison to the brains of rabbits admin- 
istered the cholesterol diet and distilled water. In this issue, he 
elaborates his position that cholesterol in the diet causes accu- 
mulation of AB, whereas copper introduced in the drinking water 
impairs elimination of Af. 


Sparks and Schreurs’ (106) demonstration that eyeblink classical 
conditioning was impaired in cholesterol-fed rabbits, in the light 
of our own work on eyeblink conditioning in human AD and 
classical conditioning in normal aging rabbits and humans, was a 
stimulating discovery that led us to initiate work with AD model 
rabbits. Our aim was to replicate AD neuropathology in the 
cholesterol-fed rabbit model, test eyeblink conditioning in this 
model, and determine if galantamine (Razadyne®) would ame- 
liorate impaired conditioning. Rabbit chow with 2% cholesterol 
and drinking water with 0.12 ppm copper sulfate were admin- 
istered for 10 weeks. Control rabbits received normal food and 
distilled water. Rabbit brains were probed for neuropathology. 
AD model rabbits had significant neuronal loss in frontal cortex, 
hippocampus, and cerebellum. Changes in neurons in the hip- 
pocampus were consistent with neurofibrillary degeneration and 
cytoplasmic immunoreactivity for B-amyloid and tau. In a second 
experiment, cholesterol-fed model rabbits were injected daily with 
vehicle or 3.0 mg/kg galantamine and tested on 750-ms trace 
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and delay eyeblink conditioning (animals were conditioned first 
in trace, then in a delay paradigm matched for the ISI between 
CS and US onset). Galantamine improved eyeblink conditioning 
significantly over vehicle. We concluded that this animal model 
of AD has validity from neuropathological to cognitive levels and 
offers a promising addition to the available animal models of AD. 
Galantamine ameliorated impaired eyeblink conditioning, extend- 
ing the validity of the model to treatment modalities (107). 

One of the results highlighted in our report was the evi- 
dent loss of Purkinje neurons and staining for AB and tau in 
the cerebellum of cholesterol-fed rabbits (confirmed by Sparks, 
unpublished observations). We examined the cerebellum in 
cholesterol-fed rabbits primarily because the cerebellum is the 
essential substrate for eyeblink classical conditioning, a behavior 
on which they were impaired. Although the cerebellum has tradi- 
tionally been viewed as one of the last structures to be impacted 
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Fig. 1.2. (a) and (b): Eyelid/nictitating membrane movement in rabbits as recorded from changes in the reflectance from 
the cornea (of the left eye) detected by infrared. Each line represents activity from an individual trial (1-90, with Trial 1 
represented at the bottom of each figure and Trial 90 represented at the top of each figure) from Session 7 of 750-ms 
trace eyeblink classical conditioning. Total trial length is 1,300 ms. Lines are drawn to approximate the onset and offset 
of both the tone conditioned stimulus (CS) and the airpuff unconditioned stimulus (US). There are 250 ms in the pre-CS 
period before CS onset, the CS duration is 250 ms, the stimulus-free “trace” interval following CS offset is 500 ms, US 
duration is 100 ms, and there are 200 ms in the post-US period. A response is scored if eyelid or nictitating membrane 
movement meets or exceeds 10% of the maximum response generated in that session. Performance is shown for a 
young male rabbit on a standard diet (control rabbit; a) and a young male rabbit following 10-week exposure to a high 
(2%) cholesterol diet with distilled water supplemented with trace amounts of copper (Alzheimer’s model experimental 
rabbit; b). Each subject is representative of their respective groups. The incidence of conditioned responses (CRs) is 
significantly greater in the control subject (a) relative to the Alzheimer’s model rabbit (b). 
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by classical AD pathology in humans, evidence has mounted to 
indicate that the cerebellum is indeed affected by AD (108). 

Sparks and Schreurs (106) had tested trace eyeblink condi- 
tioning in cholesterol-fed rabbits because medial temporal lobe 
structures affected in AD are essential for trace conditioning. 
In their study, rabbits tested in a short-delay paradigm were 
not impaired. We used the same interval between the tone 
conditioned stimulus and airpuff unconditioned stimulus in the 
delay and trace paradigms and found both to be impaired (see 
Fig. 1.2 for a comparison of a representative control rabbit (a) 
and a representative cholesterol-fed rabbit (b) trained in the 750- 
ms trace eyeblink conditioning paradigm). However, both Sparks 
and Schreurs (106) and our study tested the trace paradigm first. 
We followed up with a study of cholesterol-fed rabbits to deter- 
mine if delay eyeblink conditioning would be impaired when 
tested before trace conditioning (109). Cholesterol-fed rabbits 
were significantly impaired in the 750-ms delay eyeblink con- 
ditioning paradigm (Fig. 1.1) when that paradigm was tested 
first, after 10 weeks of the 2% cholesterol and trace copper 
diet. Just as humans patients diagnosed with AD are significantly 
impaired in delay eyeblink conditioning, so are cholesterol-fed 
rabbits. 


2. Materials 


2.1. Human Eyeblink 
Equipment 


2.1.1. Apparatus 


The eyeblink conditioning apparatus is commercially available 
from San Diego Instruments and consisted of a portable, auto- 
mated system with an infrared eyeblink detector and airpuff jet 
attached to headgear and input to an interface box containing a 
microprocessor and a miniature air compressor. The interface box 
is interactive with a computer. The headgear has an adjustable 
headband holding the airpuff jet and infrared eyeblink moni- 
tor. Filtered air is compressed in the interface box and delivered 
through a jet set approximately 2 cm from the cornea. 

The voltage from the infrared device is amplified and differ- 
entiated; eyelid data are transferred to the computer for storage 
and analysis. From the speaker of the interface box, a 1,000-Hz, 
80-dB sound pressure level (SPL) tone CS is delivered through 
headphones. Air for the corneal airpuff US is compressed in the 
interface box, filtered, and delivered at a pressure of 5-10 psi. The 
timing of stimulus presentations is controlled by the microproces- 
sor in the interface box. 


2.2. Rabbit Eyeblink 
Equipment 


2.2.1. Eyeblink Classical 
Conditioning 


2.2.2. Food for AD 
Model Rabbits 


2.3. Rat Eyeblink 
Equipment 


2.3.1. Electrodes 


Eyeblink Conditioning in Animal Models and Humans 15 


The conditioning apparatus consists of four separate sound- 
attenuating chambers, permitting four rabbits to be trained simul- 
taneously. A speaker mounted to the wall of each chamber delivers 
a pure tone (1 KHz, 85 dB SPL) used as the conditioned stim- 
ulus (CS). Each box has a fan running throughout the experi- 
ment that provides low-decibel background noise. The headpiece, 
affixed behind the rabbit’s ears and under its muzzle, holds a plas- 
tic tube to deliver 7-8 psi corneal-directed airpuff unconditioned 
stimulus (US) and an infrared emitter and detector (San Diego 
Instruments, San Diego, CA) to measure the rabbit’s eyeblink 
response. This device is positioned approximately 2 cm from the 
rabbit’s eye. Eyelid retractors keep the rabbit’s eye open. Out- 
put from the infrared detector is stored and analyzed using a PC. 
This system also controls the timing and presentation of the stim- 
uli. The intertrial interval is randomized and ranges between 20 
and 30 s. A single session lasts approximately 45 min and consists 
of 90-paired CS—US trials. 


Daily rations of the two diets are weighed, packaged in zip-lock 
bags, individually labeled, and stored in separate bins. All rab- 
bits are fed with 160 g/day of a commercially produced diet 
(Test Diet 7520) of 2% cholesterol added to Purina Mills High 
Fiber Diet (experimental diet) or regular Purina Mills High Fiber 
Diet (control diet). Copper sulfate (0.12 mg/l) is added to dis- 
tilled drinking water available ad lib for the 40 AD model rabbits, 
and normal control rabbits have ad lib access to distilled drinking 
water. Rabbits are treated with the cholesterol/copper or normal 
control regimen for 10 weeks. 


Unlike rabbits, who accept restraint during behavioral testing, 
conditions must be in place for rodents to move about freely dur- 
ing eyeblink conditioning training. The freely moving rat prepa- 
ration typically uses electromyography (EMG) to record eyelid 
muscle movement and periocular shock to elicit the uncondi- 
tioned blink reflex. 


The electrodes that are surgically implanted on the rats are 
custom-built from Plastics One (Roanoke, VA) — model # 
MS363/UDEL. Electrodes are composed of a (approximately) 
0.7-cm high (0.75 cm diameter) plastic threaded cylindrical base 
(pedestal) with six female sockets located at the top. These sockets 
connect to cables used for (1) recording eyelid muscle activity and 
(2) delivering the shock unconditioned stimulus (US; see Section 
2.3.2). Protruding from the opposite end of the plastic cylindrical 
component are three functionally distinct components: 
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2.3.2. Rat Eyeblink 
Conditioning Training 
Apparatus 


(1) Two fine wire, Teflon-insulated EMG wires (these are dif- 
ferential electrodes — one is the “reference” and the other 
is the “recording” wire). These extend approximately 7 cm 
from the base of the pedestal. 


V 
Pat 


Two bipolar stimulating electrodes (stainless steel). These 
two insulated wires — approximately 0.2 mm in diameter 
— are twisted together and protrude approximately 3 mm 
from the base of the pedestal. Prior to surgery, the tips of 
these electrodes are untwisted into a v-shape and 0.1 mm 
of the insulation is shaved off of each tip. 


(3 


Wa 


One ground electrode wire (stainless steel), approximately 
0.2-0.3 mm in diameter. This protrudes approximately 
4 mm from the base of the pedestal. 

This multi-channel electrode set-up is used in recent reports 
from Mark Stanton’s laboratory (e.g., 110) and represents an 
improvement from previous configurations that used two separate 
electrodes — one for the recording and ground wire and another 
for shock delivery. 


The conditioning apparatus outlined here was initially described 
in experiments using an unrestrained preparation for testing both 
adult (57) and developing rats (58, 111, 112; available from 
JSA Designs, Raleigh, NC). It consists of 16 animal cham- 
bers (BRS/LVE, Laurel, MD) lined with sound-absorbing foam. 
Within each chamber animals are kept in stainless steel wire mesh 
cages measuring 22 x 22 x 26 cm. Each chamber is equipped 
with a fan which produces “background” noise (< 60 dB), a house 
light (15 W), and two speakers for delivering the auditory CS. 
The auditory CS typically used in rat eyeblink studies is a 70— 
85-dB, 2.8-kHz tone, and activation of a house light (against the 
dark background) serves as the visual CS. The US is produced by 
a constant-current, 60-Hz square wave stimulator (World Preci- 
sion Instruments, #A365R-D, Sarasota, FL) set to deliver (typi- 
cally) a 2-mA, 100-ms periocular shock to the left eye. Electrodes 
implanted on the top of the rat’s skull (see Section 2.3.1 for elec- 
trode design/Section 3.3.2 for surgery procedure) are connected 
to wire leads that passed to the peripheral equipment (through a 
small hole located at the top of the chamber) via a commutator 
(Airflyte, #CAY-675-6). The commutator is on a swivel and sus- 
pended above the chamber. This flexibility allows the rat to move 
about freely within the mesh cage. The commutator connects to 
peripheral equipment associated with delivery of the shock and 
recording of electromyography (EMG) activity from the eyelid 
muscle. The EMG recording is amplified, rectified, and integrated 
via peripheral equipment that interfaces with a personal computer 
that controls delivery of all stimuli. 


3. Methods 


3.1. Human Eyeblink 
Classical 
Conditioning 


3.1.1. Procedure 


3.2. Feeding Regimen 
AD Model Rabbits 
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Participants are exposed to at least 72 trials of 400-ms delay eye- 
blink conditioning. The conditioning paradigm is administered in 
10 blocks of 9 trials per block (8 blocks of 9 trials for the healthy 
control group). The first trial of each block is a CS-alone trial and 
the remaining trials are paired CS—US trials. The US is a corneal 
airpuff (5-10 psi, 100-ms duration) and the CS is a tone (80 dB, 
1 kHz, typically 500-ms duration). On paired trials CS onset pre- 
cedes the US by 400 ms and the stimuli coterminate. Participants 
watch a silent movie (“Milo and Otis”) throughout the session to 
alleviate boredom. Participants are asked to remain alert, attend 
to the tones, and instructed as follows: 


Please make yourself comfortable and relax. From time to time 
you will hear some tones and feel some mild puffs of air in your 
eye. If you feel like blinking, please do so. Just let your natural 
reactions take over. 


At that point, the experimenter answers any questions the par- 
ticipant has about the procedure and then initiates the condition- 
ing trials. In both patients diagnosed with AD and in normal con- 
trol subjects, if the participant’s eyeblinks look abnormal — such 
as reduction in amplitude of the unconditioned response (UR) - 
the experimenter stops the session and redirects the airpuff nozzle 
and/or alerts the participant. Bad trials (spike in amplitude prior 
to CS presentation) and alpha responses occurring 75 ms or less 
after CS presentation are excluded from analyses. 


On the sixth day after their arrival in the Association and Accred- 
itation of Laboratory Animal Care International (AAALAC)- 
approved animal facility, rabbits are put on the cholesterol/copper 
regimen (some control rabbits are fed normal rabbit chow). Daily 
rations of both types of food are weighed, packaged in zip-lock 
bags, individually labeled, and stored in separate bins. All rab- 
bits are fed with 160 g/day of a commercially produced diet 
(Test Diet 7520) of 2% cholesterol added to Purina Mills High 
Fiber Diet or regular Purina Mills High Fiber Diet. Copper sulfate 
(0.12 mg/l) is added to distilled drinking water that is available 
ad lib for the AD model rabbits, and normal control rabbits have 
ad lib access to distilled drinking water. Rabbits are treated with 
the cholesterol/copper or normal control regimen for 10 weeks. 
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3.2.1. Restrainer 
Training and Rabbit 
Eyeblink 


3.3. Rat Procedures 


3.3.1. Alcohol Dosing for 
Neonatal Rats 


Restrainer training: Prior to blood collection and injections that 
require restraint for the rabbits in a Plexiglas restrainer, and espe- 
cially prior to behavioral training, the rabbits are familiarized 
and adapted to restrainers. Familiarization training takes place 
in rabbits’ individual cages during the first 5 days. While in the 
restrainer and at the end of each familiarization session rabbits 
are rewarded with a treat formulated for rabbits (Kaytee Yogurt 
Dips). The last 2 days of familiarization take place outside the 
individual cages, and rabbits are fully restrained. 

For the trace eyeblink classical conditioning paradigm, a 750- 
ms ISI between CS and US onset is typically used in our labora- 
tory. We use this non-optimal interstimulus interval to provide 
a window of opportunity to demonstrate cognition-enhancing 
drug effects in rabbits. A 1-kHz, 85-dB SPL tone CS sounds for 
250 ms followed by a 500-ms blank period and a 100-ms corneal 
airpuff US that commences 750 ms after CS onset. The rabbits 
receive 10 training sessions (5 days/week for 2 weeks). 

Changes in the reflectance from the cornea detected by the 
infrared device are processed and stored in 3-ms bins by the com- 
puter. The program records a response when the eyelid or nic- 
titating membrane moves a minimum of 10% of the maximum 
response generated in that session. A conditioned response (CR) 
is recorded if the response begins and reaches (at least) the 10% 
response threshold between 25 and 750 ms after the onset of 
the CS. An unconditioned response (UR) alone is recorded if the 
response takes place more than 750 ms after the onset of the CS. 
A trial is eliminated if nictitating membrane (NM) activity crosses 
the response threshold within 100 ms prior to the onset of the CS. 
Additionally, trials are eliminated if pre-CS activity levels exceed 
20% of the rabbit’s maximum response. 


Alcohol is delivered via intragastric intubation based on methods 
previously described in Goodlett et al. (46). Long Evans rat pups 
aged 4-9 days are typically used. The litter (8 pups total) is tem- 
porarily removed from the dam during intubations and kept on 
a commercially available heating pad (GE model #E12107) set 
to low. With this method, a mixture of a custom milk formula 
(made according to the procedures outlined in 113) with 95% 
alcohol (mixed to concentrations typically of 6.8-11.33% alco- 
hol) is delivered to the rat pup via intragastric intubation. Based 
on the pup’s weight (weights are recorded daily), a volume of 
this solution is taken up into a 1-ml syringe. The needle on the 
syringe is connected to PE50 tubing. This PE50 tubing is fused 
with smaller, PE10 tubing. PE10 tubing is lubricated with corn 
oil (to facilitate passage into the stomach) and gently placed down 
the esophagus and into the stomach, and the experimenter gently 


3.3.2. Surgery and Rat 
Eyeblink 
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pumps in the solution. To minimize stress, the intubation pro- 
cedure is completed (typically) within 30 s (to assess stress 
effects associated with intubation, “intubation control” groups 
that receive no alcohol or milk formula must be used). Formula 
is delivered in a volume of 0.02778 ml/g body weight (1/36 
of the weight in grams of each pup). Alcohol is delivered in a 
“binge” fashion such that daily dosings occur 2 h apart, and pups 
are returned to their mother for the interval between daily doings. 
On PD4, all pups receive four intubations — two of the alco- 
hol/milk mixture and two of milk alone. The additional calo- 
ries of the supplementary milk feedings are given during the 
peak period of intoxication in order to maintain growth rates of 
alcohol-dosed subjects near those of controls (50). On PD5-9, 
the dosing regimen is identical with the exception that only one 
milk-alone intubation (2 h after the second alcohol delivery) is 
given. On the first day of dosing (typically PD4), a small volume 
of blood (approximately 20 ul) is collected in a heparinized cap- 
illary tube, spun using a centrifuge, and the plasma analyzed for 
blood alcohol content. 


The surgical procedure has been described previously (see 112) 
and is slightly modified here to account for the custom electrode 
(MS363/UDEL; Plastics One) used in recent studies from the 
laboratory of Mark Stanton (see 110). 
Steps: 
1. Inject the rat with a ketamine/xylazine cocktail (87 mg/kg 
ketamine; 13 mg/kg xylazine). 
2. After thoroughly checking to make sure that the rat is com- 
pletely anesthetized, shave the top of its head, focusing on 
the area behind the eyes and in front of the ears. 


3. Place the rat on the surgery table (on its stomach). This 
surface (and all surgery tools) must be sterilized. 


4. Apply betadine ointment to the top of the head. 


5. Using a sharp scalpel blade, make an incision approximately 
2 cm long, starting shortly behind the eyes and going back 
toward the ears. Make this incision directly at the midline 
of the skull. 


6. Be sure that the top of the skull is completely dry before 
proceeding (use gauze pads to dry blood if necessary). 


7. The following step differs depending on the age of the rat; 
therefore, two separate lines of directions will follow for 
this step. After this step the remaining steps are identical 
across age: 

a. For older rats (at least 40 days of age and older), three 
separate holes are made on the skull using a drill. 
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. Two holes are made approximately 2 mm anterior 
to lambda. Each should be approximately 1 cm from 
midline — one to the right of midline and the other 
to the left of midline. 


ii. The third hole is made approximately 2 mm poste- 
rior to lambda, approximately 1 cm to the right of 
the midline. 


iii. Screws are carefully inserted into each hole. 


b. For younger rats (younger than 40 days of age), four 
separate skull holes are made using the tip of a 26-gauge 
needle. 

i. Two holes are made immediately posterior to bregma 
(each approximately 0.5-0.75 cm from midline; one 
to the left and the other to the right). 


ii. Two holes are made immediately anterior to lambda 
(each approximately 0.5-0.75 cm from midline; one 
to the left and the other to the right). 


ii. Two “skull hooks” made of small strips of (mal- 
leable) galvanized steel wires (each approximately 
1.5 cm long) are configured so that each tip fits 
securely into the aforementioned holes — one strip 
secured using the two holes posterior to bregma and 
the other strip secured using the two holes anterior 
to lambda. 


. Place the electrode (see Section 2 for details of the elec- 


trode) on the exposed skull. The electrode should be placed 
on the midline, between bregma and lambda (this will fit 
between the aforementioned screws/wire strips). 


. Two 26-gauge needles are then inserted (on a slight 


upward angle) directly through the front of the upper eye- 
lid (orbicularis oculi) muscle of the left eye. These should 
be aimed close to the middle of the eyelid and the two nee- 
dles should be 2-3 mm apart. 


Each EMG wire is passed through the tip of one of the 
needles — taking care that the wires do not cross — and the 
needles are then gently pulled out from the muscle, leaving 
the electrodes running through the eyelid muscle. 


The ground wire is placed so that it is flat against the skull, 
slightly posterior to lambda and under the skin. 


The v-tip of the shock delivery electrode (see Section 2) 
is placed immediately caudal to the left eye. Most of the 
length of the bipolar electrodes is running under the skin. 


Secure the electrode to the skull using a mix of dental 
acrylic. Gently mix the powder and liquid for 30-60 s 
before applying to the skull. 


3.3.3. Rat Eyeblink 
Testing 
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14. After the cement has dried, strip the insulation (using fine- 
pointed forceps) off of the exposed parts of the two EMG 
wires. Start as far back as possible so that the sections of the 
EMG wire contacting the orbicularis oculi musculature are 
completely stripped. 


15. Place the rat on a warm surface (electric heating pad; GE 
model #E12107, maintained at the lowest setting) — and 
monitor carefully — for approximately 30 min to recover. 


One to two days prior to CS—US eyeblink training, rats are placed 
in the conditioning apparatus for 1-2 min. At this time, a brief 
burst of air is blown into the rat’s left eye with the integrated 
EMG signal produced by the blink appearing on an oscilloscope. 
This “puff-test” provides an indication of recording quality inde- 
pendent of the eyeblink UR elicited by the periocular shock US 
during training. Depending on the age of the rat being tested, the 
following day marks the start of CS—US training (post-weanling 
and juvenile rats; e.g., under 40 days of age) or the start of cham- 
ber acclimation (adults; e.g., 40 days of age or older). Younger 
rats begin testing as soon as possible so as to avoid confounding 
maturation and learning (c.f., 112; note — this is also why multi- 
ple daily sessions are used — as many as 3/day — in young rats). 
Chamber acclimation occurs in the same chambers in which CS- 
US training will be given and consists of connecting the subject to 
the recording equipment (i.e., attaching electrode to the record- 
ing and stimulating wires) for the duration of a standard condi- 
tioning session (approximately 50 min) without presentation of 
the discrete CS (tone or light) or US. Two chamber acclimation 
sessions are typically given in 1 day (separated by 5 h {+30 min}). 

CS-US training consists of 100 trials, typically (in single-cue 
paradigms) with 90 paired CS—US trials and 10 CS-alone trials (9 
CS-US trial and 1 CS-alone trial per block of 10 trials in single- 
cue conditioning). The ISI between CS and US onset in rat eye- 
blink conditioning experiments typically ranges between 280 and 
880 ms. In delay conditioning, the CS precedes, overlaps, and 
coterminates with the shock US (in trace conditioning a stimulus- 
free interval occurs between the offset of the CS and the onset of 
the US). The shock US is typically 100 ms in duration delivered at 
an intensity of 1.5—4 mA. The intertrial interval varies randomly 
around an average of 30 s (range 18-42 s). Training in adults 
typically consists of 1-2 sessions per day over 5-6 consecutive 
days. In younger rats (under 40 days of age), 2—3 daily sessions 
are typically given. As stated above, the condensed training regi- 
men in younger animals is utilized to complete training in as few 
days as possible so as to avoid confounding learning and matu- 
ration. The intersession interval is constant at 5 h (+30 min). In 
more complex training paradigms (e.g., ISI discrimination), two 
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distinct CSs are used — a tone and a light (see Section 2 for typ- 
ical tone and light CS parameters). In ISI discrimination, each 
block of 10 trials consists of 5 tone and 5 light CSs, presented 
in a pseudorandom order such that no more than 3 consecutive 
trials of the same CS occurs. Within each block, 4 out of the 5 
trials per CS is a paired CS-US trial, and the fifth is a CS-alone 
trial (8 paired CS—US trials and 2 CS-alone trials total per block 
of 10 trials). 

EMG signals are sampled in 3.5-ms bins during the (typically) 
1,400-ms epoch of each trial type. The raw signal is amplified 
(5 K), rectified, and integrated for analysis. Each trial is divided 
into five time periods: (1) a 280-ms pre-CS baseline period; (2) a 
startle response (SR; also termed “alpha response”) period reflect- 
ing the first 80 ms after CS onset; responses occurring in this 
period are deemed non-associative “startle” reactions to the CS; 
(3) total CR period — EMG activity that occurs during either the 
200 ms (short-CS trials) or 800 ms (long-CS trials) of CS pre- 
sentation that precedes US onset; (4) adaptive CR period - EMG 
activity that occurs during the 200 ms of CS presentation that 
precedes US onset (for the short CS this is the same as the total 
CR period); and (5) UR period — EMG activity that occurs from 
the offset of the US to the end of the trial — for the short CS 
(280 ms ISI), the UR period is 740 ms; for the long CS (880 ms 
ISI), the UR period is 140 ms. The recording is interrupted dur- 
ing the 100-ms US presentation to avoid stimulation artifact. The 
threshold for registering an EMG response is set as 40 arbitrary 
units above the average baseline amplitude during the pre-CS 
period (e.g., 57, 58). Trials with excessively high spontaneous 
blink amplitudes (occurring during the pre-CS period) are not 
included in analyses. 
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Chapter 2 


Anatomical, Physiological, and Behavioral Analysis 
of Rodent Vision 


Brett G. Jeffrey, Trevor J. McGill, Tammie L. Haley, 
Catherine W. Morgans, and Robert M. Duvoisin 


Abstract 


This chapter provides protocols for the study of rodent vision. An advantage of the visual system is that 
the physiological and behavioral response to the natural stimulus, light, can be measured. Moreover, 
the anatomy and circuitry of the system have been the subject of much research. Here, we describe 
our protocols for the analysis of the distribution of neurotransmitter receptors and signaling molecules 
in the retina by immunohistochemistry. We also explain in detail how we record the electroretinogram 
from mice, and we review two behavioral tests of rodent vision. One, the virtual optomotor test, makes 
use of the optokinetic nystagmus reflex, and thus is simple to perform and does not require training. 
The other, the visual water maze, is more demanding but provides a true quantitative readout of vision 
performance. 


1. Introduction 


As stated by John Dowling in 1987, the retina is an approachable 
part of the brain (1). The retina has a highly organized struc- 
ture, being divided into five stratified layers, three cellular and 
two synaptic (Fig. 2.1). The light-sensitive photoreceptors that 
transduce light into an electrical signal are located in the out- 
ermost layer. The cellular and synaptic layers beneath the pho- 
toreceptors are collectively known as “neural retina” which is 
considered part of the central nervous system (CNS). The light 
response undergoes substantial signal processing within the neu- 
ral retina before exiting the eye via the optic nerve en route to the 
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Fig. 2.1. Schematic diagram of the retina. The retina has a laminar structure. Photore- 
ceptors (whose cell bodies are located in the outer nuclear layer; ONL) capture photons 
and transduce light into neural signals in their outer segments (OS). Retinal is regen- 
erated and OS supported by retina pigment epithelial (RPE) cells. Neural signals are 
processed in the inner retina composed of two layers of cell bodies (the inner nuclear 
layer [INL] and the ganglion cell layer [GCL]). The INL comprises bipolar (BP), horizontal 
(HC) and amacrine (AC) cells. Muller glial cell (MC) soma are also located in the INL. 
The GCL comprises displaced amacrine and ganglion (GC) cells. Processing occurs in 
two synaptic or plexiform layers (the outer and inner plexiform layers [OPL and IPL, 
respectively). 


brain. The neurons within the neural retina are essentially identi- 
cal to those within the brain: these neurons use most of the same 
neurotransmitters and neuropeptides and express many of the 
same receptors, ion channels, and enzymes as those found in the 
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brain. Therefore, the neural retina is a useful system to examine 
the effects of genetic mutations and pharmacological compounds 
on CNS function. The anatomy, physiology, and neural circuitry 
of the retina are well characterized, and the effects of drugs 
on specific neural pathways as they process light stimuli may be 
tested. 

Rod photoreceptors and the peripheral retina which is rod 
dominated are well conserved across mammalian species. In con- 
trast, cones and the central retina differ greatly between primates 
and other mammals. Humans, apes, and old world monkeys have 
a cone-rich macula and a central cone-only foveola that enables 
high visual acuity. Other mammals lack this specialized macula 
although the retinas of some mammals have a visual streak, an 
area of increased photoreceptor density and therefore, acuity, 
across the central meridian. Additionally, the cones of human and 
non-human primates contain one of three opsins; other mammals 
have one or two cone opsins. Here, we will discuss methods as 
they apply to rodent vision, particularly the rod system, and we 
will mention briefly when differences are necessary for studying 
humans. 

In the first part of this chapter, we will provide methods to 
analyze the distribution of ion channels, neurotransmitter recep- 
tors, and signal transduction proteins by immunohistochemistry. 
In the second part of this chapter, we will present methods to 
examine the electrophysiological responses of the eye to light 
stimuli. Finally, we will describe two behavioral tests used to mea- 
sure vision in rodents: the Visual Water Task is a task used to 
examine visual acuity, similar to that measured in clinic, and the 
Virtual Optomotor System, which relies on a visually driven track- 


ing reflex. 
2. Materials 
2.1, Immunohisto- 
chemistry 
2.1.1. Aqueous l. Add 2.4 g Mowiol 4-88 (Hoechst) or Gelvatol 20-30 
Mounting Medium (Monsanto) to 6 g glycerol in a 50-ml conical tube. Stir 
(AMM) to mix. 


2. While stirring, add 6 ml distilled water and leave for 2 h at 
RT on a rocker. 


3. Add 12 ml 0.2 M Tris (pH 8.5). 
4. Add NaN; to a final concentration of 0.02% (optional). 
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2.1.2. Paraformaldehyde 
Fixative (PFA) 


2.1.3. Antibody 
Incubation Solution (AIS) 


2.2. ERG Recording: 
Equipment 


. Incubate the tube at 50°C for 10 min or until Mowiol is 


dissolved. 


. Clarify by centrifugation at 5,000 g for 15 min. Store 1-ml 


aliquots in microcentrifuge tubes at —20°C. 


. Warm tubes to room temperature for use. Opened tubes 


can be stored at 4°C for approximately 1 month. Discard if 
any crystalline material is seen in the tube or on the slides. 


. For fluorescence, add 1,4-diazobicyclo-(2.2.2)-octane 


(DABCO) to 2.5% to reduce fading. This is a free radi- 
cal scavenger. Note: since this is an aqueous medium fluo- 
rescence quality can diminish overtime. It is best to image 
1 day after tissue is coverslipped. 


. Heat 10 ml 0.1 M phosphate buffer, pH = 7.4 (PB) to 


60°C in a microwave. 


. Ina fume hood, for a 4% solution, add 0.4 g paraformalde- 


hyde. Caution: paraformaldehyde fumes are toxic. 


. Stir until dissolved. If powder does not dissolve, add a drop 


of 5 N NaOH. 


. Chill on ice. Filter and adjust pH to 7.4 if necessary. Keep 


for about 1 week at 4°C. 


. 3% (v/v) normal horse serum. (Sometimes less background 


is obtained by substituting normal goat serum.) 


2. 0.5% (v/v) Triton X-100. 
3. 0.025% (w/v) NaN3 in phosphate buffer saline (PBS). 


. ERG Recording System with Ganzfeld. There are sev- 


eral commercial ERG recording systems that include hard- 
ware/software and a Ganzfeld dome, e.g., Espion F? 
(Diagnosys, Lowell, MA), UTAS (LKC Technologies, 
Gaithersburg, MD), RETI-port (Roland Consult, Bran- 
denburg, Germany). (See Note 1.) 


. Optometer for measuring flash intensity and background 


intensity. Commercial optometers/radiometers include the 
IL1400A (International Light Technologies, Peabody, 
MA) and the $350/S450 (UDT, San Diego, CA). Both 
have an integration mode that enables the measurement of 
light from a brief flash. 


. A heating system to maintain core body temperature of 


the mouse between 36.0 and 37.5°C while the animal is 
anesthetized (see Note 2). Maintaining core body tem- 
perature is crucial for both animal health and obtaining 
maximal ERG amplitude, which drops dramatically with 
low body temperature. Loss of just a few degrees of body 
temperature is associated with reduced ERG amplitudes 


2.3. Medical Supply 
List for ERG 
Recordings 
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and prolonged latencies. A simple solution is to place the 
animal on a warmed sports injury heat pad (2). Com- 
mercial systems include a low voltage DC system that 
enables automated temperature control (Braintree Scien- 
tific, Inc., Braintree, MA) and water-circulated heating 
systems (Roland Consult, Brandenburg, Germany). (See 
Note 3.) 


. A system for measuring core body temperature (if a non- 


automated system is used). We use the Thermalert temper- 
ature monitoring system with an RET-3 rectal probe for 
mice (Braintree Scientific, Inc., Braintree, MA). 


. A system for visualizing the mouse eye in the dark. We 


use a simple headlamp for most work in the dark. For 
fine manipulation work such as connecting electrodes we 
use an OptiVISOR binocular headband with LX-7 lens 
(2.75 x) and an attached VisorLIGHT (Donegan Opti- 
cal Company, Inc., Lenexa, KS). Two layers of deep red 
film are taped over both light sources and any lighted 
equipment in the room (e.g., computer monitor and green 
LED’s used as ON lights on most equipment). 


. Butterfly needle infusion set (25 ga x 3/4” with 12-inch 


tubing; Abbott Laboratories, North Chicago, IL). 


2. Ketamine (100 mg/ml; Vedco, St Joseph, MO). 


. Xylazine (20 mg/ml; Lloyd Laboratories, Shenandoah, 


IA). 


. Saline solution (0.9% NaCl for injection; Hospira, Inc., 


Lake Forest, IL). 


5. Sterile mix bottle (10 ml). 
6. Murocel (1.0%; Bausch and Lomb, Tampa, FL). 


13. 


. Phenylephrine (2.5%, store at 2-8°C; Bausch and Lomb, 


Tampa, FL). 


. Tropicamide (1%; Akorn, Buffalo Grove, IL). 


. Proparacaine (1.0%, store at 2-8°C; Akorn, Buffalo Grove, 


IL). 


. Erythromycin ophthalmic ointment (5 mg/g, E Fougera 


& Co, Melville, NY). 


. Oxygen tank. 


. General supplies, including insulin syringes (0.5-ml 28 ga), 


l-ml tuberculin syringes, fine forceps, tape, KY petroleum 
jelly, alcohol swabs, cotton-tipped applicators (Q-tips). 


Miscellaneous equipment: Kitchen cooking scale for weigh- 
ing mice in the laboratory, aluminum foil for making 
electrodes shields, tooth brush, and nail file for cleaning 
electrodes. 
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3. Methods 


3.1. 
Immunohistochemical 
Analyses 


3.1.1. Tissue 
Preparation 


Our laboratories are interested in localizing molecules involved 
in retinal synaptic transmission. We perform immunofluorescent 
labeling of retinal cryosections, since this allows the localization 
of multiple antigens. Importantly, we have found that short fixa- 
tion times are essential for preserving antibody staining of synap- 
tic membrane proteins, such as receptors or ion channels. While 
obtaining lightly fixed human retinal tissue can be problematic, 
we will describe here our procedure using mice. 


l. 


2. 


Mice are euthanized using an overdose of isoflurane or pen- 
tobarbital delivered via intraperitoneal injection. 


Eyes are rapidly enucleated with curved scissors (care must 
be taken to not damage the optic nerve otherwise the retina 
will pull away from the eyecup during dissection), and rinsed 
in cold 0.1 M PB with 2 mM Ca?* and Mg?* added. 


. Eyecups are prepared by cutting just behind the ora serrata 


followed by removal of the lens. Eye is placed in a Petri 
dish filled with cold PB (with Ca?* and Mg?*). Hold eye 
in place with forceps and puncture eye with a number 11 
scalpel blade just behind the ora serrata. Roll eye onto optic 
nerve. Use microscissors to cut around the equator. It may 
be easier to rotate the eye with forceps as you cut. Gently 
peel the front portion of the eye away from the eyecup. Roll 
the lens out of the way. Tilt the eyecup on its side to drain 
the remaining vitreous. Note: Any remaining vitreous will 
crystallize when frozen and create problems for sectioning. 
The vitreous freezes at a different rate causing the nerve fiber 
layer and the ganglion cell layer to be pulled away from the 
remaining retina. Also the remaining vitreous will fracture 
during sectioning. This causes the block to cut unevenly. The 
section will buckle. 


Eyecups are transferred (via a cut plastic transfer pipette) to 
the fixative solution. Tissue is fixed for 5-20 min by immer- 
sion in 4% PFA. We use glass vials for fixation to avoid plas- 
tics that may leach from other containers. PB is used because 
PBS has a higher osmolarity that can cause tissue damage and 
poor tissue preservation. 


. The fixed eyecups are washed in PB and then cryoprotected 


at 4°C by sequential immersion in ice cold 10, 20, and 30% 
(w/v) sucrose in PB. Use a cut plastic transfer pipette to 
gently move eyecups into each new solution. Allow each eye- 
cup to sink to the bottom of the vial at each step. (About 


3.1.2. Immunostaining 
of Retinal Sections 
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10-30 min.) The eyecups can sit overnight in the 30% 
sucrose at 4°C. The eyecups are then immersed into OCT 
(Sakura Finetek, Torrance, CA). Gently mix to remove the 
extra 30% sucrose. You should be able to see the mixing of 
the sucrose and the OCT. If extra sucrose remains inside the 
eyecup this will also cause sectioning problems. The sucrose 
will crumble during sectioning and the retina will be pulled 
along with the sucrose. 


. The tissue is then embedded in OCT (use plastic molds, such 


as the cap of a microcentrifuge tube, to help position the eye- 
cups) and quickly frozen by immersion into isopentane/dry 
ice. Isopentane is placed in a glass beaker. Dry ice is packed 
around the beaker. Allow for the isopentane to equilibrate 
(otherwise freeze fracture will occur). The tissue is frozen 
and equilibrated when bubbles no longer form. The OCT- 
embedded eyecups can be stored at —80°C, but it is prefer- 
able to proceed to the sectioning. 


. The eyecup is removed from the molds and cut at 12-15 ym 


on a cryostat at —18 to —21°C (2 h equilibration in the 
cryostat is best). Optimal cutting temperature is determined 
by the humidity in the cryostat chamber and section thick- 
ness. Sections are collected onto Super-Frost glass slides, air- 
dried (this helps keep the sections attached to the slide dur- 
ing immunostaining and gently dehydrates the tissue for best 
morphology), and stored at —80°C until used for staining. 


. Eyecup sections are thawed to room temperature (RT) and 


dried. Create a circle around the section with a PAP pen 
and allow to dry. Block by incubation at RT for 30-60 min 
in AIS. 


. Aspirate off solutions to preserve the well created by the 


PAP pen. Incubate with primary antibody diluted in AIS for 
either 1-2 h at RT or at 4°C overnight. (Use a humid cham- 
ber to prevent the sections from drying. Use only enough 
antibody solution to cover the section. Otherwise the solu- 
tion will flow over the well.) 


. After three quick washes (5-10 min each) in PBS, the 


sections are incubated for 1 h at RT in the appropri- 
ate secondary antibody coupled to either Cy3 or Cy2 
(Jackson ImmunoResearch Laboratories, West Grove, PA), 
or to Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen, Carls- 
bad, CA) diluted 1:500 to 1:2000 in PBS or AIS. (Keep sec- 
tions protected from light beyond this step.) 


. The slides are washed again three times in PBS (5-10 min 


each) with one rinse with water (to reduce salt crys- 
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3.1.3. Wholemount 
Retina Staining 


3.2. 
Electroretinogram 
(ERG) Recordings 


tal formation) and then coverslipped with AMM. The 
coverslipped slides are left in the dark overnight to harden 
before oil immersion lenses are used. (Nail polish is used to 
seal the edges of the coverslip.) 


. Slides are viewed on a fluorescence or confocal laser scanning 


microscope using 40x or 60x oil immersion objectives. 


. Following dissection of a mouse retina, four radial cuts are 


made to flatten the tissue. 


. The flattened retina is placed on a piece of filter paper to 


prevent the retina from folding or rolling up. 


. The retina on the filter paper is fixed for 1-30 min by immer- 


sion in 4% PFA, and then washed in PBS. 


. The tissue is gently removed from the filter paper (this 


becomes easy after fixation) with a fine paintbrush and is 
then incubated with primary antibody diluted in AIS for 
1-3 days at 4°C on a gently rocking (or orbital) platform. 


. After three 1-h washes in cold PBS, the tissue is incubated 


overnight at 4°C in the appropriate secondary antibody 
coupled to either Cy3 or Cy2 (Jackson ImmunoResearch 
Laboratories, West Grove, PA), or to Alexa Fluor 488 or 
Alexa Fluor 594 (Invitrogen, Carlsbad, CA) diluted 1:500 
to 1:2000 in PBS, again on a rocking platform. (Keep dark.) 


. The tissue is washed again three times for 1 h each in PBS 


and then carefully placed on a slide, photoreceptor side up. 
Using a fine paintbrush, the retina is gently flattened and 
unfolded and then coverslipped with AMM. 


. The coverslipped slides are left in the dark overnight to 


harden before oil immersion lenses are used. The edges of 
the coverslip are sealed with nail polish. 


. Slides are viewed on a confocal laser scanning microscope 


(such as the Olympus FluoView 1000) using 40x or 60x 
oil immersion objectives. 


We record the ERG from genetically altered mice to investigate 
the roles of different proteins in retinal signaling. Below we detail 
our particular methods for recording the ERG from the mouse. 
The associated Notes provide more in-depth discussion of meth- 
ods that vary between laboratories. For a detailed description 
of ERG components and their cellular origin see Frishman (3). 
Peachey and Ball (4) and Weymouth and Vingrys (2) provide 
excellent overviews of the recording, analysis, and interpretation 
of rodent ERGs 

l. Prior to the day of ERG recording, make an anesthetic 


cocktail by mixing 0.5 ml ketamine (100 mg/ml), 0.25 ml 


Anatomical, 


14. 


15. 


Physiological, and Behavioral Analysis of Rodent Vision 37 


xylazine (20 mg/ml), and 4.25 ml saline solution (0.9% 
NaCl for injection; Hospira, Inc., Lake Forest, IL) in a 
10-ml sterile mix bottle. 


. Weigh mice and then leave them in the dark to adapt 


overnight (>12 h). 


. On the day of ERG recording, mice are anesthetized and 


prepared for recording under dim red light. 


. Anesthetize mice via intraperitoneal injection of anesthetic 


cocktail (see Notes 4—6). Dose (ml) = weight (g) x 0.01 
(e.g., for a 20-g mouse: dose = 20 x 0.01 = 0.2 ml). 
Larger doses should be split between two injection sites 
for better results. 


. Anesthesia is maintained by subsequent injection of a one- 


third dose (0.07 ml for 20 g mouse) at 30 and 60 min after 
initial loading dose. For long procedures we taper anes- 
thesia down to 1/4 dose (0.05 ml for 20 g mouse) for 
injections at 90 and 120 min after the loading dose. 


. As soon as the mouse is sufficiently immobilized, it should 


be placed on the heating device to minimize any drop in 
core body temperature. 


. Anesthetize the cornea with a drop of 1.0% proparacaine. 
p prop 


After a minute, remove excess fluid with a cotton-tipped 
applicator (“Q-tip”) as excess fluid can reduce ERG ampli- 
tude. Mice can aspirate on drops so care should be taken to 
ensure excess fluid does not roll down snout. 


. Dilate the pupils with a drop of phenylephrine (2.5%) and 


a drop of tropicamide (1%) and again remove excess fluid. 


. Place a wire loop behind the upper teeth and draw mouse 


into the nose cone. Start oxygen and fix the wire loop in 
place so that the head cannot move. (See Fig. 2.2, top, and 
Note 7.) 


. Insert rectal temperature probe. 


. Insert platinum subdermal needle electrode into tail to 


serve as ground. 


. Insert butterfly needle into flank to allow delivery of anes- 


thetic every 30 min or as required. 


. Tape down temperature probe, subdermal needle, and but- 


terfly needle to heating unit to ensure they do not move 
during recording. 


A blanket placed over the mouse will help maintain body 
temperature. 


Attach reference and active electrodes (see Fig. 2.2, top, 
and Notes 8-10). 
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Fig. 2.2. Mouse ERG recording. Top: Loop electrode placed over the eye serves as 
reference. Contact lens electrode placed against the cornea serves as the active elec- 
trode. Mouse is stabilized by drawing snout into a nose cone that also delivers oxygen. 
Bottom: Overview of station that holds mouse during recording. Mouse placed on water- 
circulated heating box. Active corneal electrode held in place by a stand with manipu- 
lator at far end. Foil placed over electrode wires is input grounded on the amplifier to 
reduce 60 Hz interference. After setup is completed, mouse is slid into Ganzfeld dome 
for ERG recording. 


16. To minimize 60 Hz interference, connect the foil shields 
covering each electrode wire to the amplifier input ground. 


17. Slide the mouse forward so that its head is inside the 
Ganzfeld. 
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3.2.1. Recording 


18. Record ERG to a single dim flash (e.g., —3 log sc cd s/m?) 
to ensure a good contact has been made. 

19. Dark adapt the mouse for a further 10 min before starting 
to record the ERG (see ERG protocol below). 

20. At the end of recording, wash the electrodes and contact 
lens in warm soapy water to remove old Murocel and any 
proteins, rinse with alcohol. Cleaning will extend the life of 
the electrodes. 


Table 2.1 lists our standard protocol for ERG recordings from 


Conditions the mouse. Total recording time including setup is typically 1.5 h. 
This protocol is quite extensive and based on our requirements to 
examine retinal signaling. The full protocol may not be neces- 
sary depending on your requirements. For example, screening for 
retinal degenerations could be done using just the “b wave” and 
“photopic” parts of the protocol. 

Table 2.1 

Standard ERG protocol 

Flash Number of 
ERG intensity range responses Flash High pass 
component (log cd s/m?)? averaged separation (s) filter (Hz) Gain 
STR —6.8 60 2 30 10,000 
=” 5 3 

b wave —4°9 10 3 300 2,000 
S189 2 10 

a wave —0.8 30 1,000 2,000 
pm 180 

Photopic? —0.8 40 1 300 10,000 
So 2 10 


For all ERG recordings: low pass filter = 0.1 Hz, sampling rate = 2.5 kHz, no notch filter. 
Each box contains two numbers covering the range of values used for each condition. 
bPhotopic ERGs are recorded 20 min after the onset of a 60-cd/m2 achromatic background. 


Signal averaging is the only way to obtain a useable ERG at 
low light levels. For example, at the lowest light intensity, we aver- 
age 60 responses recorded every 2 s in order to obtain a mea- 
surement of the scotopic threshold response (STR). Signal aver- 
aging increases the signal-to-noise ratio by utilizing the principle 
that the retinal signal will always be time-locked to the light flash, 
while non-retinal signals will be random. Therefore, when multi- 
ple responses are added, the retinal signal will always superimpose 
while random signals will tend to cancel each other out. By this 
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3.2.2. ERG Recording: 
Useful Tips and 
Troubleshooting 


process, the signal-to-noise ratio increases proportionally with the 
square root of the number of responses averaged. For example, 
increasing the number of responses averaged from 4 to 16 will 
double the signal-to-noise ratio. 


1. Main line interference (50 or 60 Hz) is generated by any 
equipment using a main line voltage, and this signal is picked 
up by the electrode wires. Sixty Hertz interference can be 
minimized either by placing the mouse and recording elec- 
trodes in a Faraday cage, or by using the notch filter on the 
amplifier to completely remove all 60 Hz signal from the 
ERG. We do not recommend using a notch filter to remove 
60 Hz, since we have found significant ERG signal at this 
frequency in both the ERG a@ wave and oscillatory potentials. 
Instead, we use a twofold approach in overcoming unwanted 
60 Hz contributions to the ERG. The first approach involves 
running the electrode wire through a grounded shield. We 
wrap the electrode wires in aluminum foil, which is then con- 
nected to the input ground. Using this simple method, we 
reduce the peak-to-peak amplitude of 60 Hz interference to 
<10 uV. During recording, main line interference greater 
than 10 uV is typically caused by either incorrect grounding 
of the electrode shields, or from poor contact between the 
active electrode and the cornea. This latter problem can usu- 
ally be solved by the addition of a small drop of Murocel to 
the active electrode. 


2. Offset signal averaging is the second approach we use to 
minimize 60 Hz interference from ERG recordings. The 
principle involved is illustrated in Fig. 2.3a and b. If the 
time between flashes (inter-flash interval; IFI) is set to 1 s, 
then the flash will always occur at exactly the same point in 
the 60 Hz cycle. This is because the main line frequency of 
60 Hz is not random and by definition there are exactly 60 
cycles in 1 s. Offset sampling involves adding a small-time 
increment to the 1 s IFI such that each flash will occur at a 
different point in the 60 Hz cycle. Figure 2.3a shows five 
different starting points in a 60-Hz cycle. The first flash will 
start sampling from point 1, the second flash will start sam- 
pling from point 2, etc. Figure 2.3b shows the first 20 ms 
of each 60 Hz waveform from each starting point in Fig. 
2.3a. The average of these five waveforms is zero (Fig. 2.3b, 
horizontal line). 

The offset signal averaging method demonstrated in 
Fig. 2.3a and b was achieved by setting the inter-flash inter- 
val to 1.00333 s. The addition of the 3.33 ms shifts the 
start of sampling by 1/5 of the 60 Hz cycle (i.e., 1/5 
x 16.667 ms). Averaging any number of flashes that is a 
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Fig. 2.3. Minimizing 60 Hz, breathing and heart rate artifacts in the mouse ERG. a Solid line shows 1 cycle of a 60-Hz 
waveform which lasts 16.667 ms. The number points show starting locations of sampling in five sequential epochs. b 
Each trace shows the time course of the 60 Hz cycle for the 20 ms following each starting point. The horizontal line 
shows the average of the five waveforms. ¢ Scotopic ERG response to a dim flash (—3.2 log sc cd s/m?) in response 
to a single flash (top) or for the average of 5 or 10 responses. d Photopic ERG response to a flash (1.2 log ph cd s/m2) 
presented against a achromatic background (60 cd/m?). Top two traces show responses to a single flash and arrows 
show intrusion of the heart beat into the ERG response. Bottom trace shows the average of 30 responses and the heart 
beat, which is not synchronous with the flash, can no longer be seen. e The STR obtained from the average of 45 ERG 
responses recorded to a very dim flash (—6.1 log sc cd s/m2). Note that the peak-to-peak amplitude is only about 10 pV. 
Below the average is a single response over the 80 ms following this flash. The large oscillations are breathing artifacts 
in which the body movements of the mouse are causing the eye to move relative to the active electrode and are thus 
recorded. 


multiple of 5 will result in a zeroing of the main line 60 Hz 
interference (see Note 11). Figure 2.3c shows the effective- 
ness of offset signal averaging. The ERG response to a single 
dim flash (top trace) has prominent 60 Hz interference. The 
bottom two traces show that this non-physiological effect is 
no longer present after offset signal averaging of 5 or 10 
traces. Importantly, any physiological 60 Hz component of 
the ERG will not be eliminated since this signal will always 
be synchronous to the flash. 


3. Heartbeat artifacts: It is not uncommon for the heart beat 
to appear on ERG traces (Fig. 2.3d; top two traces). How- 
ever, since the heart beat is not synchronous with the flash, 
evidence of the heart beat is undetectable in the averaged 
response (Fig. 2.3d, bottom trace). If the heartbeat artifact 
is large enough to be a problem, moving the electrode posi- 
tion may be required, although this is rarely necessary. 
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3.2.3. ERG Notes 


4. Breathing artifacts. The bottom trace in Fig. 2.3e shows an 


example of a breathing artifact, which is commonly observed 
in mouse ERG responses. The breathing artifact is caused by 
excessive body movement, which in turn moves the eye back 
and forth across the corneal electrode. We have found that 
breathing artifacts are minimized with supplemental oxygen 
and by stabilizing the head. In order to stabilize the head, we 
place a wire loop behind the upper teeth and draw the mouse 
into a nose cone, which also delivers oxygen (Fig. 2.24). 
After being drawn into the nose cone, the wire loop is tied 
off such that the head is held firmly in place. A large breath- 
ing artifact may also be seen when anesthesia is too light. 
As for the 60 Hz and heart rate artifacts, sufficient aver- 
aging will zero the breathing artifact and enable the ERG 
signal to be obtained. The top trace in Fig. 2.le shows the 
STR obtained for an extremely dim flash by averaging 45 
responses each of which had the breathing artifact seen in 
the bottom response. 


. Cataracts. Mice develop cataracts quite soon after injec- 
tion with the anesthetic cocktail used for ERG recording. 
However, these cataracts do not pose a problem to ERG 
recording since they act as a natural light diffuser and very 
large ERG amplitudes are still obtained even with apparently 
dense cataracts. Cataract formation is minimized by keeping 
the animal warm and the cornea lubricated. 


. Small ERG amplitudes. Smaller than expected ERG ampli- 
tudes can be attributed to poor positioning of the elec- 
trode against the cornea (i.e., electrode is not centered), 
poor electrode contact with the cornea, or poor positioning 
of the inactive electrode. For example, with our electrode 
configuration, smaller amplitudes are obtained if the refer- 
ence loop electrode is not placed fully behind the eye. Addi- 
tionally, adding too much Murocel to the contact lens will 
also reduce ERG amplitude as it shorts the electrical contact 
between active and loop electrodes. 


l. We use a custom-made recording system based on 
ERGTool software (kindly supplied by Dr. Richard 
Weleber, Casey Eye Institute, Portland, OR), installed on 
a G4 Macintosh Computer running OS9. The system also 
requires a custom-made interface box and National Instru- 
ment 16 channel A/D boards. A new version for the 
Intel chip-based Macintosh Computers running OSX is 
currently under development. We use a number of light 
sources mounted together in one box and channeled to 
the opening on a 40-cm Ganzfeld via a light tunnel. High- 
intensity flash stimulation is provided by photoflash units 
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(2405CX and a modified 1205CX power supplies with 
205 flash units: Speedotron, Chicago, IL). Low-intensity 
flash stimulation is provided by a Grass PS22 (Astro-Med, 
West Warwick, RI). Flash intensity is adjusted by the use of 
metallic neutral density filters, and the wavelength is mod- 
ified with glass color filters (Melles Griot, Optics Group, 
Rochester, NY). 


. The use of xylazine as an anesthetic has the advantage that 


it prevents the eye moving. Two unwanted side effects 
include suppressed respiration and a dramatic reduction in 
core body temperature. We supply a low flow of oxygen 
through a nose cone, and the mouse is placed on a water- 
circulated heating source during recording (Fig. 2.2). 


. We built a water-circulated heater using a 3.5” x 6” elec- 


tronics box from Radioshack. A cutout, slightly larger than 
the size of a mouse, was made in the plastic top of the 
box. The metal plate that comes with this electronics box 
was then glued to the underside of the plastic top using 
marine grade epoxy available from hardware stores. Two 
1/2-inch copper connectors, which carry the heated water, 
were glued into one end of the box. Finally the modified 
plastic/metal top was glued to the box using the marine 
grade epoxy. Water is circulated through the box via 1/2- 
inch plastic tubing that carries the water from a laboratory 
water heater (Fig. 2.2). 


Anesthetic dose (ml) = [weight (mg) x dose 
(mg/g)|/concentration (mg/ml). For a mouse we 
use a ketamine dose of 0.1 mg/g. The ketamine concen- 
tration of the cocktail = 10 mg/ml. Therefore, for a 20-g 
mouse: 


a. Dose (ml) = [20 g x 0.1 mg/g]/10 mg/ml = 0.2 ml. 


b. The cocktail is mixed at ketamine to xylazine ratio 
of 10:1; therefore, the loading dose for xylazine is 
0.01 mg/g. 

An anesthetic protocol is not something that can be set 
in stone. Even in animals that are from the same litter, 
anesthetic requirements can differ greatly between ani- 
mals depending on many factors such as fat content and 
excitability. Mice with a lot of adipose tissue or that are 
highly agitated/excited at initial injection may need more 
initial anesthetic to reach a suitable anesthetic plane for 
ERG recording. For some mutant mice, we lower the anes- 
thetic dose because of increased mortality during ERG 
recording. Alternatively, in one strain, we had to increase 
the anesthetic dose in order to achieve 30 min of sedation 
between re-doses. 
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5. Eye movements and the presence of breathing artifacts on 


ERG traces and/or direct visualization of whisker move- 
ments are all used to assess the depth of anesthesia dur- 
ing testing. As the mouse passes from the alert state to the 
required anesthetic plane, whisker movements slow down 
and eventually stop and the breathing artifact disappears 
from the ERG response. Conversely, during ERG record- 
ing, the appearances of eye movements, breathing artifacts, 
or whisker movements indicate that a re-dose of anesthetic 
is required. 


6. Anesthetic protocols vary between laboratories, each of 


which finds a protocol that works for them. Most labora- 
tories use a ketamine:xylazine (K:X) loading dose followed 
by a re-dose at varying time intervals, e.g., Hetling and 
Pepperberg (5) (K:X = 0.15:0.01 mg/g; re-dose 1/8 to 
1/4 at 45 min); Saszik et al. (6) (K:X = 0.07:0.007 mg/g; 
re-dose K:X = 0.072:0.005 mg/g at 45 min); and Peachey 
(4) (K:X = 0.08:0.016 mg/g; given as 75% initial dose 
then remaining 25% 10 min later, re-dose K:X = 20% of 
initial dose after 30-40 min). Woodward (7) used isoflu- 
rane for mouse ERG recordings as they found an unac- 
ceptably high mortality rate with ketamine and xylazine in 
their mouse mutants. 


. Oxygen delivery and head stabilization help minimize 


breathing artifacts and lower anesthetic deaths. We fash- 
ioned a nose cone from a cutoff 3 ml syringe: The syringe 
is pushed into one end of a 3-way valve. A cutoff 3/16-inch 
nasal canula is inserted into the “T” of the valve and carries 
oxygen from the tank. A suture bent into a hook is placed 
under the upper teeth of the mouse and serves to pull the 
mouse into the nose cone and hold the head steady. During 
setup, the suture line is fed through the syringe and 3-way 
valve. Once the mouse is pulled firmly into nose cone, the 
suture line is held tight by wrapping it around a small cleat 
attached to the front of the heating box. 


8. We use a custom-made contact lens electrode placed on 


the cornea for the active electrode and use a loop placed 
over the proptosed eye as the reference (Fig. 2.2). The 
contact lens is formed from heated Aclar plastic. A hole is 
pierced through the center of the contact lens with a heated 
28-ga needle. Platinum electrode wire, with one end 
formed into an “L” shape, is threaded through the center 
of the contact lens. The contact lens can move freely along 
the electrode wire. For ERG recording, the L-shaped end 
of the electrode wire is pushed up against the cornea. The 
contact lens with a very small amount of Murocel is then 
moved down the wire with a pair of fine forceps until the 
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lens covers the cornea. The contact lens helps prevent dry- 
ing of the Murocel, thereby producing a more stable ERG 
for a longer period. 


. The reference loop electrode is placed over the proptosed 


eye. Once over the eye, the loop is pulled back gently 
to ensure the loop is in good contact with the front of 
the eye (Fig. 2.2, top). The electrode wire is run over 
the head between the ears and held in position with Vel- 
cro straps (Fig. 2.2, bottom). Both active and reference 
electrodes are made from approximately 2—3-inch long 
sections of platinum wire (0.01 inch diameter; World 
Precision Instruments, Sarasota, FL). One end of each elec- 
trode wire is wrapped tightly around blunted platinum 
subdermal needle electrode wires (Astro-Med Grass, West 
Warwick, RI). 

Electrode configurations vary widely across laboratories. 
An L-shaped wire placed against cornea is commonly used 
for the active electrode. However, the material used varies, 
with some preferring Ag/AgCl, stainless steel, or precious 
metals such as gold or platinum. Another option is a DTL 
fiber (cotton fiber-embedded Ag/AgCl particles) held in 
place with a contact lens. The advantage of Ag/AgCl elec- 
trodes is that they produce a very stable response with lit- 
tle drift and, therefore, the high pass filter can be set for 
direct current recording (i.e., 0 Hz cutoff). The disadvan- 
tage of Ag/AgCl electrodes is that they produce very large 
flash artifacts in response to bright flashes. We use plat- 
inum for all our electrodes since it provides a stable ERG 
response with no flash artifact. For our ERG recording we 
set the high pass filter to 0.1 Hz. The choice of reference 
location varies considerably between laboratories. Refer- 
ence electrodes used include a DTL fiber under an opaque 
contact lens on the eye contralateral to the one tested, a 
subdermal needle electrode inserted in the cheek beneath 
the eye tested, and metal electrodes placed in the mouth. 
The ERG is a measure of the change in voltage across the 
retina in response to a light stimulus. For this reason, we 
use the loop placed over the eye as reference because it 
enables electrodes to be essentially placed on either side of 
the retina and allows the most direct in vivo method of 
measuring the voltage across the retina. 


Our system allows microsecond control of timing. In other 
systems, offset averaging can still be used even if there is 
less control of the time between flashes. For example using 
an offset of 2 ms and averaging multiples of 8 responses 
(total = 16 ms instead of 16.667 ms) will still reduce 60 Hz 
interference. 


46 Jeffrey et al. 


3.3. Measuring Vision 
in Rodents 


3.3.1. The Visual 
Water Task 


Laboratory rodents may seem like a peculiar choice as animal 
models for studying the human nervous system, particularly ones 
for testing visual function because rodents have relatively small 
eyes, have a small visual cortex, and have a predominately rod- 
based retina. However, upon closer comparison, the rodent and 
primate visual systems are quite similar and many of the same 
visual functions can be measured in both species. Although, given 
the architecture of the human macula and the comparable size dif- 
ference between human and rodent brains, the human visual sys- 
tem outperforms that of the rodent. For example, average human 
visual acuity is approximately 30 cycles/degree (cpd) (20/20), 
whereas the average visual acuities of rats and mice are ~1.0 cpd 
(20/600) and 0.6 cpd (20/1000), respectively. Although visual 
acuity is lower in rodents compared to humans, rodents do have 
quantifiable vision, which can be quite detailed at close distances 
(8). Furthermore, it has recently been shown that complex visual 
capabilities such as motion coherences, which were thought to 
not exist in rodents, are not only quantifiable, but in fact, rodents 
are quite good at them (9). 

Since the 1930s, a number of methods have been devised to 
quantify rodent vision. Lashley’s jumping stand may have been 
the first method used to quantify rat vision (10, 11), and it is still 
used to a limited extent. Y-mazes (11), conditioned aversion (12), 
and operant tasks (13, 14) have all been employed with some suc- 
cess, but in general, these methods require a considerable amount 
of time to train and test rats, which probably accounts for their 
limited popularity. In addition, the harsh negative consequences 
of an incorrect response, in particular the ones used with Lashley’s 
jumping stand, are not optimal in training and testing animals 
behaviorally. Some experimenters have also used a modification 
of the Morris water task in which rats learn to swim to a plat- 
form that is raised above the water’s surface, guiding themselves 
with the use of visual cues (15). However, viewing distances are 
hard to control in this situation, making quantitative measure- 
ments nearly impossible. Since then, two methods have emerged 
that are designed to minimize the constraints and limitations of 
previous methods and allow for quantitative measurements. 


The Visual Water Task (VWT; Fig. 2.4) is an apparatus used to 
evaluate visual perception of rodents in a psychophysical manner. 
Animals are trained to discriminate between two visual stimuli and 
are positively reinforced for each correct response. The apparatus 
consists of a trapezoidal-shaped tank containing water, with two 
computer monitors facing through a clear glass wall into the wide 
end of the pool. Visual stimuli are generated and projected on 
the screens using a computer program (Vista®; CerebralMechan- 
ics). The choice point, defined by a 46-cm long midline divider, 
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Fig. 2.4. The Visual Water Task. A task used to evaluate the visual perception of rodents 
(8, 9). 


which extends into the pool from between the monitors, creates a 
Y-maze with a stem and two arms. A moveable, transparent Plex- 
iglas escape platform (37 cm L x 13 cm W x 14 cm H) is always 
submerged directly below whichever monitor displays the grating. 
A LRLLRLRR sequence, a pattern the animals cannot memorize, 
is used for the location of the gratings. Animals are released into 
the pool from the wall opposite the monitors, and the end of 
the divider within the pool sets a choice point for the rats that 
is as close as they can get to the visual stimuli without entering 
one of the two arms. The length of the divider, therefore, sets 
the effective spatial frequency of the visual stimuli. The animals 
usually stop at the end of the barrier and inspect both screens 
before choosing a side. If the animals swim to the platform below 
the positive stimulus without entering the arm with the monitor 
showing the negative stimulus, the trial is considered correct; if 
they swim into the arm of the maze that contains the negative 
stimulus, the trial is recorded as an error. 

The most common measure of vision is acuity, measured 
clinically with the use of a Snellen chart. This technique mea- 
sures the ability to resolve two high contrast items as dis- 
tinct; two parts of the same letter on a Snellen chart. Dis- 
crimination between sine wave gratings and a gray screen of 
the same mean luminance in the VWT is akin to Snellen acu- 
ity and allows researchers to measure visual acuity in rodents 
in a similar manner to those measured clinically, helping vali- 
date experimental results. Animals are first trained to discrimi- 
nate between a low spatial frequency (~0.1 cpd), vertical sine 
wave grating (+ stimulus; 100% contrast), and uniform gray of 
the same mean luminance (36.2 cd/m? at the choice point). 
The animals are tested in groups of 5 or 6, with 15-20 inter- 
leaved trials each, with each session lasting 45-60 min. No more 
than two sessions, separated by at least 1 h, are performed in 
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Fig. 2.5. An example of a frequency-of-seeing curve. Frequency-of-seeing curves are 
used to estimate the visual acuity based upon a 70% correct criterion. 


a single day. All trials are run with the room lights off. Once 
animals achieve near-perfect performance (90% or better over at 
least 40 consecutive trials), the animals are then tested for visual 
acuity. A flexible method-of-limits procedure is used in which 
incremental changes in the spatial frequency of the sine wave grat- 
ing are made until choice accuracy falls below 70% (Fig. 2.5). 
Accuracy for a given frequency is measured in blocks of ten trials 
when near threshold, and shorter blocks at the low spatial fre- 
quencies, thereby minimizing the number of trials far away from 
threshold. A preliminary grating threshold is established when 
animals fail to achieve 70% accuracy at a spatial frequency. In order 
to assess the validity of this estimate, the spatial frequency of the 
grating is increased by about 0.1 cpd, and the experimental proce- 
dures described above are repeated until a stable pattern of perfor- 
mance is established. The performance at each spatial frequency is 
averaged for each animal and a frequency-of-seeing curve is con- 
structed. The point at which the curve intersects 70% accuracy is 
recorded as the visual acuity (Fig. 2.5). 

Contrast sensitivity is assessed using similar procedures, 
except the minimal contrast required to differentiate between the 
screens at different spatial frequencies is measured (Fig. 2.6). 
Contrast thresholds are typically measured after grating acuity 
is assessed, so minimal re-training is required. Seven spatial fre- 
quencies are normally tested; 0.059, 0.119, 0.208, 0.297, 0.505, 
0.712, and 0.890 cpd. At each spatial frequency, trials are initiated 
at 100% contrast and the contrast is decreased systematically until 
performance falls below 70% accuracy. The contrast threshold 
is measured independently at least three times, after which final 
values are computed as above from frequency-of-seeing curves 
of the combined data. Measuring responses to different types 
of visual stimuli can test a range of visual functions, beyond 
visual acuity and contrast sensitivity. These include oblique 
gratings, color gratings, moving gratings, and dot motion among 


3.3.2. The Virtual 
Optomotor System 
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Fig. 2.6. Contrast sensitivity curves generated using the Visual Water Task. 


others (8, 9, 16). Testing each of these visual functions follows the 
same general procedure, only the visual stimuli are systematically 
changed. 

A significant limitation of the VWT is that the time invested 
in training and testing animals is on the order of weeks, which 
limits longitudinal studies to a maximum measurement frequency 
of once per month. On the other hand, once the animals are well 
trained, they do not require a full re-training before subsequent 
testing, but rather, a day or two of swimming trials are sufficient 
to restore optimal performance. Visual thresholds are generated 
by compiling data collected over the course of 1-2 weeks; there- 
fore, daily measurements of vision are not possible in the VWT. As 
a consequence, the earliest age at which visual thresholds can be 
measured from rodents in the VWT is approximately P30, about 
2 weeks after the day of eye opening. 


The Virtual Optomotor System (Fig. 2.7) is primarily used to 
evaluate spatial frequency thresholds (optomotor acuity) and con- 
trast sensitivity. The apparatus consists of four computer monitors 
positioned around a square testing arena. An unrestrained rat is 
placed on a platform in the center of the arena, and a sine wave 
grating drawn on a virtual cylinder is projected on the monitors in 
3D coordinate space (OptoMotry®; CerebralMechanics). A video 
camera provides real-time video feedback from above, and the 
position of the head on each frame is used to continually center 
the hub of the cylinder at the rat’s viewing position. On each trial 
the cylinder is rotated at a constant speed (12°/s) and the exper- 
imenter judges whether the rat makes tracking movements with 
its head and neck to follow the drifting grating. The spatial fre- 
quency threshold, the point at which animals are no longer able to 
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Fig. 2.7. The Virtual Optomotor System (VOS). Top left: side view of the apparatus, which consists of four computer 
monitors facing inward (two removed for ease of viewing) into an arena. An animal is placed on a platform located in the 
middle of the arena and a video camera viewing from above provides real-time feedback of animals’ behavior. Top right: 
the virtual cylinder displaying sine wave gratings with the testing arena and animals highlighted within. Bottom left: 
diagram depicts the animals viewing angle of the visual stimuli. The sine wave gratings are displayed as different sizes 
on the monitors in order to keep the virtual cylinder homogeneous throughout the testing area. Bottom right: arrows show 
the direction of rotation of the virtual cylinder and the corresponding movement of an animal performing the optokinetic 
tracking behavior (17, 21). 


track, is obtained by incrementally increasing the spatial frequency 
of the grating at 100% contrast. Contrast sensitivity thresholds 
are measured at up to eight different spatial frequencies by sys- 
tematically decreasing the contrast until no tracking is observed. 
Thresholds through each eye are measured separately by simply 
reversing the rotation of the cylinder (17). 

One of the major advantages for using the VOS is that ani- 
mals require no reinforcement training prior to being tested. This 
greatly decreases the time required to generate a visual threshold, 
and therefore allows for much larger group sizes to be examined. 
In addition, the ability to generate thresholds quickly, in some 
cases as quickly as 5-10 min, allows for thresholds to be assessed 
on a daily basis. This is of particular importance in developmen- 
tal studies as animals can be tested from the day of eye opening 
and for very fast retinal degenerations where visual decline can 
occur sooner than it can be measured with other tasks. Another 


3.3.3. Differences 
Between the Virtual 
Optomotor System and 
the Visual Water Task 


3.3.4. Applicability 
of the Tasks 


Anatomical, Physiological, and Behavioral Analysis of Rodent Vision 51 


advantage arises from a combination of inherent properties of the 
task itself and the structure of the rodent visual system. That is, 
when the virtual cylinder that displays the sine wave grating is 
rotated in the clockwise direction, only the left eye (tracking in the 
temporal to nasal direction) responds to the movement, resulting 
in an elicited optomotor behavior moving in the same direction 
as the grating movement. Conversely, if the cylinder is rotated in 
the counter-clockwise direction, only the right eye (again tempo- 
ral to nasal) responds to the stimuli. This phenomenon is par- 
ticularly advantageous as therapies for retinal disease are often 
performed monocularly, maintaining the contralateral eye as a 
control. Therefore, employing the VOS allows for within ani- 
mal controls to be used in the experimental design, a powerful 
method in research. Finally, the VOS is also designed to provide 
a “blind” psychophysical testing methodology, which can be used 
to eliminate operator bias. This is of particular importance when 
evaluating the efficacy of an experimental therapy. 


There are many different aspects of vision such as visual acuity, 
visual motion, color vision, and form vision. The VOS and the 
VWT are tasks designed to evaluate two different forms of visual 
thresholds, reflexive optomotor responses and perceptual visual 
acuity, respectively. Because the tasks evaluate different compo- 
nents of vision, the sensory and motor circuits each task relies 
upon are likely to be different. For example, the VWT is normally 
dependent on the visual cortex, and surgical removal of the visual 
cortex (V1) results in significantly lower visual thresholds (unpub- 
lished observations). The VOS, however, is normally mediated by 
subcortical circuits and removal of the cortex does not affect the 
measured thresholds (16). Finally, the visuospatial thresholds of 
naive adult rodents are lower when measured in the VOS than 
when measured in the VWT, which is likely a reflection of the 
VOS relying on subcortical circuits and the VWT relying on the 
visual cortex. Therefore, these and other factors should be taken 
into consideration in choosing an appropriate method of testing 
vision. 


The VWT has been used for a number of studies examining 
rodent vision. The first published study using the VWT exam- 
ined the visual acuity of Long Evans rats and C57BL/6 mice 
(8). This study revealed that behaviorally measured visual acu- 
ity in rats is approximately double that of the mouse, although 
both species could be tested repeatedly and reliably. These stud- 
ies were then extended into other rodents including albino rats 
and other pigmented rat strains showing that differences within 
the same species can also be detected (18). The VWT has also 
been used to examine different forms of vision such as motion 
acuity (9), dot motion coherence (9), and acuity using oblique 


or horizontal gratings. Since then, the use of the VWT has been 
extended to include studies involving damage to the visual sys- 
tem. For example, ablation lesions of the visual cortex and visual 
cortex stroke result in a significant drop in visual acuity from 
1 cpd down to ~0.7 cpd (unpublished observations). In 2004, 
McGill et al. (19) performed a longitudinal characterization of 
visual acuity (measured once every 30 days) of rats that undergo 
photoreceptor degeneration. The authors showed that from 30 
days of age until 11 months, the rats progressively declined from 
near-normal vision, to the inability to discriminate between a 
white and a black screen. This was the first longitudinal quan- 
tification of spatial vision in a model of retinal disease. This 
study was followed closely by cell-based therapies used to pre- 
vent the degeneration of vision in the RCS rat (20), where both 
a human-derived RPE cell line (ARPE19) and human Schwann 
cells were shown to significantly limit the progression of visual 


The VOS is newer than the VWT and therefore has been 
used to a lesser extent. However, over the last few years the task 
has been used to quantify visual thresholds in normal mice (17), 
developing mice (21), monocularly deprived mice (22), in normal 
and experimentally enhanced rats (16, 17), and in retinal degener- 
ative rats (23) and rats receiving a potential neuroprotective treat- 
ment (24). The VOS has also been used to examine vision in mice 
without functional rods or cones (25), noerg-1 (26), and nob4 
mice (27) and TRPM1-deficient mice (28). Finally, the VOS has 
also been used to evaluate the role of ON bipolar cells that were 


In summary, the Visual Water Task and the Virtual Opto- 
motor System allow for detailed examination and quantification 
of visual thresholds in both normal and diseased rodent mod- 
els. These behavioral tasks allow for therapeutic interventions to 
be evaluated using multiple approaches to testing visual function. 
Finally, each task measures visual thresholds in a manner similar 
to those used clinically, helping validate the use of these tasks for 


Both these tasks and a comprehensive list of sci- 
entific publications using these tasks can be found at: 


interpretation of rod and cone responses. 
Prog Retin Eye Res 27:1-44 


. Frishman LJ (2006) Electrogenesis of the 
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deterioration. 
engineered to be photosensitive (29). 
vision research in rodents. 
www.cerebralmechanics.com. 
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Abstract 


The purpose of this chapter is to first describe common clinical and laboratory tests and measures used to 
capture alterations in motor control in individuals with Parkinson’s disease (PD) and secondly, to detail 
both morphological and motor tests that are used in two rodent models of PD. For the description in 
humans, it is organized within the body structure and function and activity categories of the International 
Classification of Functioning, Disability, and Health (ICF). Specific tests discussed include the retropul- 
sion test, turning test, Unified Parkinson’s Disease Rating Scale, Timed Up-and-Go, Berg Balance Scale, 
electromyography, quantitative digitography, motion analysis, and force plate perturbation. Testing pro- 
cedure, set-up, and interpretation are described and examples of application in the PD population are 
provided. We hope that clinicians and researchers develop a beginning understanding of the different 
methods available for examining alterations in motor control in individuals with PD. Using the rat model 
of PD, we first describe in detail a new ultrastructural processing method that is used not only to process 
tissue but also to localize specific proteins that can then be used to correlate synaptic changes with motor 
alterations that are observed following depletion of dopamine. Finally, using a mouse model of PD, we 
describe three locomotor tests that can be quantified and correlated with the loss of dopamine-labeled 
neurons in the substantia nigra. 


1. Tests and 


Measures for 

Assessment of are ‘adi Dsi , er ere 
Motor Control in Parkinson’s disease (PD) isa progressive neurologic disorder that 
Individuals with involves degeneration of the dopamine-producing neurons in the 
Ivi Male wl substantia nigra pars compacta, presenting clinically as a combi- 
Parkinson’s 


: nation of motor and non-motor signs. The cardinal motor signs 
Disease include resting tremor, rigidity, bradykinesia, and postural insta- 
bility. With disease progression, individuals can be affected at 
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multiple levels extending beyond motor symptoms or impair- 
ments (i.e., bradykinesia) to include deficits in functional abili- 
ties (i.e., ambulation). One classification system that has increas- 
ingly been utilized to gain a comprehensive understanding of how 
a disease process affects different dimensions of a patient’s life 
is the International Classification of Functioning, Disability, and 
Health (ICF). It was developed by the World Health Organiza- 
tion as an international standard for the assessment of health and 
disability and takes into consideration personal as well as contex- 
tual factors (Fig. 3.1). The purpose of this chapter is to describe 
common tests and measures used to capture alterations in motor 
control in individuals with PD organized within the categories of 
the ICF framework (Table 3.1). An additional level of organiza- 
tion is the environment under which the test can be administered. 
Specifically, whether the test can be easily administered in a clin- 
ical setting or requires specialized equipment only available in a 
laboratory setting. Unique to PD is the common protocol of test- 
ing individuals both on medication (ON state) and off medication 
(OFF state). This enables clinicians and researchers to distinguish 
the effects of medication on changes in impairments and func- 
tion from those resulting from study-specific interventions, such 
as exercise. 


Health Condition 
(Disorder or Disease) 


ji 


Body Structure & Function Activities Participation 
The anatomic parts of the The execution of a task or Involvement in a life 
body and physiological 4> | action by an individual, <p) situation. 


functions of the body 


system. 
t I j 


y y 


Environmental Factors Personal Factors 
The physical, social, and Background of an 
attitudinal environment in individualľ’s life and living, 
which people live and such as gender, race, and 
conduct their lives. coping style. 


Fig. 3.1. International Classification of Functioning, Disability, and Health (modified from World Health Organization 
2001). 
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Table 3.1 
Classification of test and measures 
Test and Body structure 
measure Clinical Laboratory and function Activity 
Retropulsion test x Postural instability 
Turning x Freezing Turning while walking 
Bradykinesia 
Timed UpandGo x Functional mobility 
(sit-to-stand, ambu- 
lation, turning while 
walking) 
Berg Balance x Postural control Functional mobility 
Scale Sensory integration (sitting, standing, sit- 
to-stand, reaching, 
stepping, turning) 
Unified Parkinson’s x Tremor Ambulation 
Disease Rating Rigidity Sit-to-stand 
Scale Bradykinesia Activities of daily liv- 
Rapid alternating ing 
movement Speech 
Posture 
Postural control 
Electromyography x Tremor 
Quantitative X Bradykinesia 
digitography Freezing 
Motion analysis x Bradykinesia 
Tremor 
Gait and reach spa- 
tiotemporal 
characteristics 
Postural control 
Force platform Bg Postural control 
perturbation 
2. Clinical 
Assessment Tools 
2.1. Body Structure 
and Function Level 
Measures 


2.1.1. Retropulsion Test The retropulsion test is a quick, simple test used by clinicians to 
assess postural instability. The test involves a posterior pull on 
the patient’s shoulder and observation of the balance reaction, 


although there are many variations which differ in rating methods 
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2.1.2. Turning 


2.1.3. Unified 
Parkinson's Disease 
Rating Scale (UPDRS) 


and the expectedness of the perturbation (1). A cross-sectional 
study that examined different techniques such as expected ver- 
sus unexpected perturbation concluded that an unexpected pull 
rated on the 4-point ordinal scale proposed by Nutt and col- 
leagues appears to have greatest predictive values for risk of falls 
(1). However, the test must be interpreted with caution as it has 
only been shown to have moderate correlation with performance 
on platform perturbation (see Section 3 under laboratory tests 
and measures) during OFF state and no significant correlation 
during ON state (2) Table 3.2. 


Table 3.2 

Retropulsion rating proposed by Nutt et al. (114) 
Rating Description 
0 Normal, may take two steps to recover 


1 Takes two or more steps; recovers unaided 
2 Would fall if not caught 
3 


Spontaneous tendency to fall or unable to stand unaided 
(test not executable) 


Turning is a common, but complex postural control task because 
it requires that an individual initiate disequilibrium necessary to 
produce the turn during ongoing movement (3). While persons 
within 1 year of diagnosis of Parkinson’s disease typically show 
minimal deficits of gait performance in a single direction, they 
often report difficulty with turning tasks (4, 5). Several studies 
that have examined turning in individuals with PD have utilized 
(1) counting the number of steps required for completing a 180° 
turn either on the spot or around an obstacle (making a u-turn); 
(2) quantifying the time it takes to complete a turn; (3) observing 
step length; and (4) observing the turning arc. Greater number of 
steps, increased time to complete a turn, as well as decreased step 
length and wider turning arc in individuals with PD have been 
observed (6, 7). 


The UPDRS is the gold standard assessment most commonly 
used by both neurologists and researchers to determine disease 
severity and progression. It was developed in 1987 by a group of 
movement disorder specialists who derived components of exist- 
ing PD rating scales to create a single tool that would allow for 
easier comparison of assessment (8). The test is partly based on 
patient/caregiver interview and partly on clinical testing by an 
examiner. It consists of six main sections: (1) mentation, behav- 
ior, and mood, (2) activities of daily living (ADLs), (3) motor, 
(4) motor complications, (5) modified Hoehn & Yahr staging, 


Table 3.3 
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and (6) Schwab and England activities of daily living scale. A 
total score of 199 is possible on the first four subscales, with 
0 representing no involvement and 199 representing severe dis- 
ease. Within the context of the organization of this chapter, the 
UPDRS consists of elements that address both the body structure 
and function and activity levels of the ICF framework. Specifically, 
Section 2 (ADLs) predominantly addresses the activity level while 
Section 3 (motor) focuses on the body structure and function 
level, with a few items examining the level of assistance required 
to perform a task, therefore extending to the activity level 
(Table 3.3). 

The UPDRS motor subscale includes 19 items examining 
speech, facial expression, resting and active tremor, rigidity, rapid 


Sample items from the Unified Parkinson’s Disease Rating Scale motor subscale 


[Fahn et al. (115)] 


Item 


Scoring 


Tremor at rest 


Rigidity 


Gait 


Postural stability 


Body 
bradykinesia 
and hypokinesia 


0 = absent 

1 = slight and infrequently present 

2 = mild in amplitude and present most of the time 

3 = moderate in amplitude and present most of the time 
4 = marked in amplitude and present most of the time 


0 = absent 

1 = slight or detectable only when activated by mirror or other movements 
2 = mild to moderate 

3 = marked, but full range of motion easily achieved 

4 = severe, range of motion achieved with difficulty 


0 = normal 

1 = walks slowly, may shuffle with short steps, but no festination (hastening 
steps) or propulsion 

2 = walks with difficulty, but requires little or no assistance; may have some 
festination, short steps, or propulsion 

3 = severe disturbance of gait, requiring assistance 

4 = cannot walk at all, even with assistance 


0 = normal 

1 = retropulsion, but recovers unaided 

2 = absence of postural response; would fall if not caught by examiner 
3 = very unstable, tends to lose balance spontaneously 

4 = unable to stand without assistance 


0 = none 

1 = minimal slowness, giving movement a deliberate character; could be 
normal for some persons. Possibly reduced amplitude 

2 = mild degree of slowness and poverty of movement which is definitely 
abnormal. Alternatively, some reduced amplitude 

3 = moderate slowness, poverty, or small amplitude of movement 

4 = marked slowness, poverty, or small amplitude of movement 
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2.2. Activity Level 
Measures 


2.2.1. Timed Up- and-Go 


alternating movement, arising from a chair, posture, gait, postu- 
ral stability, and bradykinesia. Each question is rated on an ordi- 
nal scale of 0 (normal)—4 (severe limitation) based on qualita- 
tive descriptions. Action and postural tremor of hands, arising 
from a chair, gait, and postural stability are four items within the 
motor scale that span the body structure and function and activ- 
ity levels. They examine characteristics of the movement, such as 
speed and amplitude (body structure and function level), as well 
as interference with function and assistance required for safe per- 
formance (activity level). Studies that have examined the psycho- 
metric properties of the motor subscale suggest high internal con- 
sistency (Chronbach’s alpha 0.88—-0.91) (9, 10), interrater relia- 
bility (ICC = 0.82) (11), and test-retest reliability (ICC = 0.90) 
(12). The motor subscale has moderate-to-good correlation with 
Hoehn & Yahr classification (H&Y), a staging instrument based 
on progression of PD, and with timed functional performances 
(9, 10, 13). 

Recently, the Movement Disorders Society (MDS) reviewed 
the clinimetric properties of the UPDRS and published a revised 
MDS-UPDRS. Several changes have been made to the motor 
subscale, including specific items added to address toe-tapping, 
freezing in gait, constancy of resting tremor, as well as more 
detailed instructions and descriptions in effort to better standard- 
ize test administration and grading (14). The internal consistency 
remains high (Chronbach’s alpha = 0.93) and further studies 
need to be performed to determine the reliability of the MDS- 
UPDRS (14). 


The Timed Up-and-Go (TUG) test was developed by Podsiadlo 
and Richardson to assess basic mobility skills in frail community- 
dwelling elderly (15). The patient is instructed to stand up from 
an armchair, walk a distance of 3 m, turn, walk back, and sit down. 
A stopwatch is used to determine the amount of time required to 
perform this task and interpretation is made based on the aver- 
age of three trials (15). Although there exists some controversy 
in the literature (16) the vast majority of studies suggest excellent 
(ICC = 0.81-0.99) test-retest reliability and interrater reliability 
for the TUG in elderly adults (15, 17, 18). TUG times demon- 
strate correlation with the Berg Balance Scale (r = —0.81), gait 
speed (r= —0.61), and Barthel Index of activities of daily living 
(r= —0.78) (15). This functional mobility test has been shown to 
be a sensitive and specific tool to predict fall risk in elderly adults, 
with a score higher than 13.5 s indicating high risk of falls (19). 
Several studies have examined the use of TUG in popula- 
tions other than elderly adults, including individuals with strokes, 


2.2.2. Berg Balance 
Scale 
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PD, arthritis, and amputations. The psychometric properties of 
the TUG when applied to patients with PD appear to closely 
mimic those observed in elderly adults. Interrater reliability has 
been shown to be good (ICC > 0.73) regardless of whether the 
patient is ON or OFF medication and internal consistency is high 
(r = 0.90-0.97) (20). The TUG scores demonstrate significant 
difference during ON and OFF states, suggesting usefulness in 
detecting change in medication-related change in status in indi- 
viduals with PD (20). The minimal detectable change (MDC) 
using a 95% confidence interval (MDCo5) has been reported to 
be 1.63 s (21). 

In recent years, there has been a growing interest in learn- 
ing about dual task performance in individuals with PD. A vari- 
ation of the TUG that includes a high level, concurrent cogni- 
tive task (TUG,og) (counting the days of the week backward) 
has been used to assess the interaction of cognitive demand on 
functional mobility. Individuals with PD demonstrate significant 
increase in their TUG og time and number of steps taken during 
the test — whereby healthy older adults do not demonstrate such 
changes (22). 


The Berg Balance Scale (BBS) is a 14-item test that was initially 
developed to assess balance in the geriatric population. Activi- 
ties examined include standing (with eyes open, eyes closed, feet 
close together, feet in tandem, single leg), sitting, transfers (sit-to- 
stand, chair-to-chair), turning (360° in place, weight shift without 
moving feet), alternate stepping, and reaching (level and to the 
floor). The test requires two standard height seating surfaces (one 
with arm rests, both approximately 18” high), a yard stick, a stop- 
watch, and an average height foot stool or step (approximately 
7”). Specific instructions are provided to increase standardization 
and administration time ranges from 15 to 20 min, depending on 
examiner’s proficiency and the patient’s level of function. Each 
item is rated on a 0—4 ordinal scale, with 0 representing poor abil- 
ity to perform task. The BBS has been shown to be a valid and 
reliable test for predicting falls in community-dwelling adults, as 
well as length of stay, motor function, and disability level in indi- 
viduals post-stroke (23-26). 

Current research supports the use of the BBS as an ongo- 
ing assessment tool to determine fall risk and functional mobil- 
ity in individuals with PD. It has good internal consistency 
(ICC = 0.86-0.88) and demonstrates moderate-to-high corre- 
lation (Spearman correlation = 0.50-0.78) with other functional 
measures (the forward and backward functional reach test, and 
Timed Up-and-Go, normal and fast gait speed), as well as with the 
UPDRS motor subscale (27-29). The MDCo; has been reported 
to be 5 points (29). Different cut-off scores have been proposed 
to maximally increase specificity and sensitivity of the BBS in this 
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population to detect falls (43.5 and 54, respectively) (24, 30). 
Regardless of which cut-off score is used, it is important to con- 
sider the multifactorial nature of falls and examine personal (phys- 
ical, cognitive, emotional, medication use, co-morbidities) and 
contextual factors (home environment, social support available) 
to most accurately predict fall risk. 


3. Laboratory 
Assessment Tools 


3.1. Body Structure 
and Function Level 
Measures 


3.1.1. Electromyography 
(EMG) 


3.1.2. Quantitative 
Digitography (QD) 


EMG has been used to characterize upper extremity tremor pre- 
sentation, specifically tremor occurrence, symmetry, frequency, 
and intensity, in individuals with PD. Long-term recording (up 
to 24 h) has been used for both differentiation of parkinsonian 
tremor from essential tremor, as well as for assessment of medi- 
cation efficacy (31, 32). Forearm tremor can be recorded using 
surface electrodes and a commercial portable recorder, with elec- 
trode placement on the wrist or finger extensors (extensor carpi 
radialis, extensor digitorum) and wrist or finger flexors (flexor 
carpi ulnaris, flexor digitorum superficialis) (27, 33). The advan- 
tages of using solely EMG to quantify tremor include portabil- 
ity and the ability to obtain tremor recording without need to 
restrict limb movement, as would be necessary if using accelerom- 
etry (32). However, often times researchers seek to obtain both 
neuromuscular and kinematic information, therefore EMG is uti- 
lized in conjunction with motion analysis (31, 33, 34). 


Researchers have used quantitative digitography as a technique 
to quantify bradykinesia in individuals with PD. The system, 
adopted from the electronic music industry, consists of a portable 
keyboard with optical sensors and a computer interface (called 
musical instrument digital interface, MIDI) (35, 36). The sensors 
are able to identify the key struck, time of strike and release, and 
velocity of strike, thereby allowing determination of the frequency 
and duration of digital movement (35). 

Bronte-Stewart and colleagues utilized QD to examine dig- 
ital control in individuals with idiopathic PD. They determined 
the technique to be useful in providing objective measures for 
bradykinesia, fatigue, and freezing during a 60-s alternating 
finger-tapping task (35). Performance was significantly differ- 
ent in subjects ON and OFF medication (35). QD has also 
been used to assess improvements in bradykinesia after micro- 
electrode recording in patients undergoing deep brain stimulation 
surgery (37). 


3.1.3. Motion Analysis 
(MA) 
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Motion analysis is commonly used to quantify movement kine- 
matics and has been applied to the examination of bradykine- 
sia, tremor, reaching, gait kinematics, and postural control in 
PD research (33, 38-41). Common methods employed include 
accelerometry, motion analysis system, and the GAITRite sys- 
tem. Accelerometry is a method used for motion analysis which 
involves application of acceleration sensors on a specific body 
part of interest, such as on the L3 spinous process for measur- 
ing trunk acceleration or on the forearm for measuring upper 
extremity bradykinesia. Depending on the type of sensor, signals 
produced are proportional to the linear acceleration or angular 
velocity of movement (37, 42). Selection of a sensor is based 
on relative frequency of the movement measured as well as 
the range of dynamic movement (42). The use of accelerom- 
etry for quantifying spatiotemporal gait kinematics, including 
gait speed, step length, and cadence in individuals with PD, 
has been shown to have good concurrent validity with mea- 
surements obtained using the GAITRite system (43). Reliability 
and validity of accelerometry for measuring gait speed, cadence, 
stride length, single/double limb support times, swing time, and 
stance time have been established across various gait speeds in 
healthy adults and individuals with hemiparesis (44). The root 
mean square velocity of angular movement is indicative of aver- 
age speed and demonstrates significant inverse correlation with 
the bradykinesia subscore on the UPDRS (37). This technique 
has been used to study bradykinesia in forearm supination and 
pronation (41). 

Motion analysis systems, such as Vicon®, involve place- 
ment of infrared-emitting markers on landmarks of interest and 
capturing movement with use of a motion capturing system, 
often consisting of multiple cameras and specific processing soft- 
ware. This particular technique allows for calculation of spa- 
tiotemporal parameters (magnitude, duration, onset, frequency 
of movement), movement trajectory, estimation of joint cen- 
ters, and center of mass (COM) changes during movement. 
There is evidence that the accuracy of this technique may vary, 
depending on camera set-up, marker size, and lens filter applica- 
tion (45). Motion capturing systems have been used to exam- 
ine reach velocity and accuracy during ON/OFF medication 
status (38), tremor after subthalamic deep brain stimulation 
surgery (34), head—trunk rotation during turning (46), and the 
relationship between alterations in gait kinematics and disease 
severity (13). 

The GAITRite system is specific for measurement of gait per- 
formance. It consists of a 4.6-m electronic, portable walkway in 
which an array of 16,128 sensors is embedded and organized in a 
grid-like pattern to identify foot contact during gait (47, 48). It 
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3.1.4. Force Platform 
Perturbation (FPP) 


is connected to a computer and generates spatiotemporal record- 
ings, including cadence, step time, step length, mean normalized 
velocity, step length ratio, heel-to-heel base of support, and sin- 
gle and double limb support time as a percentage of the gait 
cycle (48). The GAITRite system demonstrates the ability to dif- 
ferentiate gait performance in individuals with PD compared to 
healthy controls, as well as detect changes in gait parameters dur- 
ing ON and OFF medication states that correlate with changes in 
UPDRS motor section scores (47). It has been recommended 
as a tool to assist monitoring and reassessment of treatment 
efficacy (48). 

In conjunction with a motion analysis system, use of force 
platforms embedded in the floor can provide ground reaction 
force and center of pressure (COP) data to measure postural con- 
trol (i.e., COP displacement) during gait initiation, gait termi- 
nation, and turning (49, 50). An emerging method for assess- 
ing dynamic postural control in PD is to measure the anterior— 
posterior and medial-lateral distance between the extrapolated 
center of mass (eCOM) and center of pressure (COP) [see (51) for 
specific method]. Simply stated, the greater the distance between 
eCOM and COP the more the movement is facilitated. However, 
these conditions require more active postural control to coun- 
teract the disequilibrium. Therefore an individual can be stable 
through smaller differences between eCOM and COP, but at 
the expense of movement (i.e., too stable); conversely an indi- 
vidual can produce movement with greater distance between 
eCOM and COP but at the risk of falling. The ideal situation 
then is to have a “controlled disequilibrium” in order to facili- 
tate movement with control. Our data from a recent pilot study 
suggest that while measures of gait performance using motion 
analysis were not sensitive enough to differentiate between indi- 
viduals with early PD (within 3 years of diagnosis) and age- 
matched healthy control subjects, significantly decreased distance 
between eCOM and COP during turning tasks was observed 
in our subjects with PD (Song et al., unpublished findings, 
2008 (52)). 


Individuals with PD frequently report difficulty with balance and 
frequent falls. An objective measure used to quantify dynamic 
postural control involves use of a platform that can provide per- 
turbation via multidirectional linear translations and tilts. Subjects 
stand on a force plate that is embedded in the platform to provide 
information on center of pressure changes. FPP has been used 
alone and in conjunction with EMG to quantify a number of dif- 
ferent aspects of postural control, including (1) muscle activation 
pattern; (2) magnitude of muscle response; (3) latency of muscle 
response; (4) direction of ground reaction force; and (5) magni- 
tude of ground reaction force (2, 53-55). Although these studies 
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utilize sophisticated equipment set-ups, a commercially available 
product — the SMsART Balance Master® — has become increas- 
ingly popular in the clinical setting and has enabled examination 
and monitoring of postural control changes in patients with PD. 


4. Morphological 
and 
Neurochemical 
Correlates 

to Changes 

in Locomotion 

in the Rat 6- 
Hydroxydopamine 
Model 

of Parkinson’s 
Disease 


Although it is well established that in Parkinson’s disease there 
is a significant loss of dopamine within nerve terminals in the 
striatum, the depletion of dopamine most likely influences other 
neurotransmitter systems. There is growing interest in the inter- 
actions between dopamine and glutamate and it may be the 
lack of dopamine in Parkinson’s disease that results in dynamic 
changes in glutamate within at least the striatum (56, 57). In 
the rodent, the sensorimotor cortex provides the primary exci- 
tatory, glutamatergic input to the dorsolateral striatum (58, 59). 
This projection utilizes the vesicular glutamate transporter-1 
(VGLUT-1). Recent data suggest that glutamate input from many 
nuclei within the thalamus may also be playing an important role 
(60-62). This thalamostriatal projection utilizes the vesicular glu- 
tamate transporter-2 (VGLUT-2). The dopamine terminals origi- 
nating from the substantia nigra pars compacta make a symmetri- 
cal synaptic contact not only on the dendritic shaft of the medium 
spiny neuron but also on the neck of the dendritic spine (63, 
64). The asymmetrical synaptic contact on the head of that same 
spine within the dorsolateral striatum originates from not only the 
motor cortex but also the thalamus (60, 62) and the nerve termi- 
nals contain the neurotransmitter, glutamate (63, 65, 66). Not 
only are dopamine and glutamate terminals anatomically located 
next to each other, these two neurotransmitters can control their 
own release and also the release from each other’s nerve termi- 
nals (67-70). In addition, a small percentage of the glutamate 
nerve terminals originating from the cortex contain presynaptic 
dopamine D-2 receptors (71, 72). When these dopamine D2 
receptors are activated or blocked, we and others have reported 
that glutamate release decreases or increases, respectively (67, 69, 
73). Therefore, alterations in the level of striatal dopamine can 
have profound effects on nearby glutamate synapses. 

In rodent models of nigrostriatal dopamine loss, either using 
the neurotoxins 6-OHDA or MPTP, exercise is neuroprotective 
and enhances behavioral recovery from injury (74). Immediately 
following the unilateral loss of striatal dopamine, rats were forced 
to use the impaired limb by the placement of the unimpaired 
limb in a cast (75). Improvement in the use of the impaired 
limb occurred, leading to increased levels of striatal dopamine 
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compared to the non-casted animals. However, it was critical that 
the casting occur within a short-time frame after the nigrostriatal 
lesion (75). This same group reported, using the MPTP mouse 
model, that treadmill exercise started within 24 h of the MPTP 
lesion attenuated the loss of striatal dopamine and the motor 
behavioral deficits compared to the lesioned but non-exercised 
group (74). Following intracerebral injection of 6-OHDA into 
the striatum, if treadmill exercise was initiated up to 7 days post- 
lesion, there was some recovery of striatal dopamine levels and 
a decrease in the number of apomorphine-induced contralateral 
rotations (76). However, 7 days is a time point in which the loss 
of dopamine neurons within the substantia nigra is not complete 
(77). Other measures of behavioral deficit were not improved by 
exercise. It must be recognized that in all of the above stud- 
ies, exercise was initiated prior to the complete loss of striatal 
dopamine as a model of neuroprotection. In a recent study in 
which exercise was initiated just after intrastriatal injection of 6- 
OHDA, there was significant behavioral /motor improvement but 
no change in the number of dopamine cells remaining in the 
substantia nigra or dopamine transporter levels in the striatum 
(78). This suggests that other neurotransmitters, such as gluta- 
mate, could be compensating for the loss of striatal dopamine in 
terms of locomotor improvement. 

The effect of physical activity in both rats and mice on 
changes in striatal glutamate synapses following the loss of nigros- 
triatal dopamine is of particular interest in terms of how whether 
such therapy may be able to further compensate for the loss of 
dopamine cells in the substantia nigra. In a mouse model of par- 
tial bilateral nigrostriatal dopamine loss, treadmill exercise was ini- 
tiated 4 days after the acute administration of the neurotoxin, 
MPTP, a time point at which dopamine cell body death has been 
completed (79). We find that exercise improved motor perfor- 
mance of the MPTP-treated group and resulted in a reversal 
in the changes in striatal nerve terminal glutamate immunola- 
beling to the level observed in the control group. In this same 
study, exercise resulted in a further decrease in striatal dopamine 
transporter immunolabeling compared to the lesioned but non- 
exercised group (79). 

We used a combination of in vivo microdialysis and quanti- 
tative immunogold electron microscopy to determine changes in 
striatal glutamate following a lesion of the nigrostriatal pathway, 
followed by exercising the rats for 4 weeks. However, there is 
controversy as to the origin of the basal levels of glutamate that 
are measured in brain and whether this extracellular glutamate 
is derived from the (1) calcitum-dependent vesicular pool, (2) 
calcium-independent, cytoplasmic pool associated with the 
glutamate/cystine antiporter, or (3) glial pool (80). We and 
others have reported that about 30% of basal extracellular 
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glutamate is calcium dependent (80-82) and that over 60% of 
the K*-depolarized extracellular level of glutamate is calcium 
dependent (83). This suggests a role for the synaptic vesicle pool 
within the nerve terminal contributing to the extracellular level 
of glutamate. Replacement of calcium with the divalent chelating 
agent, EGTA, and increasing the concentration of magnesium 
resulted in a decrease in the baseline level of glutamate (81), 
suggesting that a portion of the resting level of striatal glutamate 
is of neuronal and not glial origin. Therefore, not only is the 
basal level of glutamate measured, but also using ultrastructural 
immunocytochemistry, we quantify the relative density of glu- 
tamate immunogold labeling within nerve terminals making an 
identified asymmetrical (excitatory) synaptic contact. In addition, 
we have developed a double-labeling procedure in which the 
nerve terminal is first labeled with an antibody against either the 
vesicular glutamate transporter 1 or 2, followed by immunogold 
labeling for glutamate. 

In this particular rodent model of Parkinson’s disease, rats are 
administered the neurotoxin 6-hydroxydopmaine (6-OHDA), 
into the medial forebrain bundle on one side of the brain, in 
order to destroy the dopamine pathway from the substantia nigra 
to the striatum (83). This results in a greater than 90% loss of 
dopamine levels in the striatum and a nearly complete elimi- 
nation of dopamine cells in the substantia nigra pars compacta 
(81, 83, 84). In order to determine the effects of exercise on 
motor behavior related to the loss of dopamine neurons, two 
tests were performed. The loss of dopamine on one side of the 
striatum will result in an increase in dopamine receptors on that 
side of the striatum (denervation supersensitivity). Administration 
of dopamine-receptor agonist drugs, such as apomorphine, will 
result in the animals turning away from the side of the lesion 
(contralateral rotations) (Fig. 3.2). This is a measure of the loss of 
dopamine/dopamine function and of turning behavior. We find 
that in the 6-OHDA-lesioned rats, exercise results in a significant 
decrease in the number of contralateral rotations compared to the 
lesioned but non-exercised group (Fig. 3.2). As another measure 
of motor function, exercise results in an increase in the time the 
rats can run on the treadmill at a maximum speed of 18 m/min 
(Fig. 3.3). 

The data suggest that following the loss of dopamine, there 
is a significant decrease in the extracellular levels of striatal glu- 
tamate (Fig. 3.4). We also demonstrate that, using quantitative 
immunogold electron microscopy (Fig. 3.5) there is an accu- 
mulation of glutamate within the nerve terminals of the stria- 
tum (Fig. 3.6), inversely correlating with the decrease in extra- 
cellular glutamate as seen using in vivo microdialysis (Fig. 3.4) 
(83). We have hypothesized that this decrease in striatal gluta- 
mate may be related to the decrease in motor movement that 
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Fig. 3.2. Exercise decreases apomorphine-induced contralateral rotations. Two months 
following a 6-OHDA lesion, the animals were injected with apomorphine (0.05 mg/kg, 
s.c.) and the number of contralateral rotations counted (first challenge with apomor- 
phine). One month following exercising of the rats (1 h/day, 5 days/week), all the ani- 
mals were tested for apomorphine-induced contralateral rotations (second challenge 
with apomorphine). The percent change in contralateral rotations between the second 
and first challenge (i.e., number of rotations at second challenge/number of rotations at 
first challenge) was then determined. An overall group mean was calculated (mean per- 
centage + SEM) and the lesioned but no exercise group compared against the lesioned 
plus exercise group using the student’s t-test. * p <0.05 compared to the other group. 
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at 18 meters/min 
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Fig. 3.3. Exercise increases the time running on the treadmill. Two months follow- 
ing a 6-OHDA lesion or sham lesion (control), the animals exercised for 1 h/day for 1 
month (5 days/week). At the end of the 1-month time period, the rats were tested on 
the treadmill at the maximum speed of 18 m/min to determine how long the rats could 
stay on the treadmill. The time it took for them not to be able to maintain their running 
was determined. *p <0.05 compared to all other groups using an ANOVA, followed by 
Tukey—Kramer for comparison of multiple means. 


is observed in patients with Parkinson’s disease (83). Following 
exercise, there is a surprising decrease in striatal extracellular glu- 
tamate and that in the 6-OHDA-lesioned rats, there is an addi- 
tional or additive decrease in extracellular glutamate (Fig. 3.4). 


Analysis of Motor Function in Humans 69 


200 


è 


2 


Extracellular Level of 
Striatal Glutamate (pmolelu) 
= 


0.00 
cTL ©OHDA © OHDA/EXERCISE 

Fig. 3.4. Exercise decreases the extracellular levels of striatal glutamate. Two months 
following a 6-OHDA lesion or sham lesion (control), the animals exercised for 1 h/day 
for 1 month (5 days/week). At the end of the 1-month time period, the basal extracel- 
lular levels of glutamate were determined in the dorsolateral striatum. Exercise alone 
(exercise) resulted in a decrease in striatal glutamate levels, similar to that seen after 
a 6-OHDA lesion (6-OHDA). The combination of a 6-OHDA lesion plus exercise resulted 
in a further decrease in striatal extracellular glutamate. *p <0.05 compared to all other 
groups using an ANOVA, followed by Tukey—Kramer for comparison of multiple means. 
** 1) < 0.05 compared to the control and 6-OHDA/exercise group using an ANOVA, fol- 
lowed by Tukey—Kramer for comparison of multiple means. 


ing to the post-synaptic density) with an underlying dendritic spine (DS). The post- 
synaptic density is discontinuous or perforated (white arrow). Within the NT are numer- 
ous 10-nm gold particles (arrowhead) indicating the location of the neurotransmitter, 
glutamate. 
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Fig. 3.6. Exercise the density of glutamate immunogold labeling within nerve terminals making an asymmetrical (exci- 
tatory) synaptic contact within the dorsolateral striatum. Two months following a 6-OHDA lesion or sham lesion (control), 
the animals exercised for 1 h/day for 1 month (5 days/week). At the end of the 1-month time period, the animals were 
perfused with fixative and the density of glutamate immunogold labeling within identified nerve terminals of the dorso- 
lateral striatum calculated. In all three experimental groups, there was an increase in the density of immunogold labeling 
compared to the control group. This is inversely correlated to the decrease in extracellular glutamate as determined by 
in vivo microdialysis (see Fig. 3.4). * p < 0.05 compared to the control group using an ANOVA, followed by Tukey—Kramer 
for comparison of multiple means. 


However, this is associated with a decrease in the apomorphine- 
induced contralateral rotations (Fig. 3.2), a finding consistent 
with a similar decrease in rotations following a lesion of the motor 
cortex (85). The finding of a further decrease in extracellular glu- 
tamate in the 6-OHDA/exercise group is also consistent with a 
recent report that exercise results in a decrease in the regional 
cerebral blood flow in the motor cortex and striatum (86). This 
suggests that as the animal continues to exercise, the corticostri- 
atal pathway requires less activation in order to perform either 
the same task or it becomes more efficient at carrying out that 
same locomotor activity. This has also been shown to occur in 
humans (87, 116). This could result in changes in either the num- 
ber of corticostriatal synapses, increased efficiency in neurotrans- 
mitter release (88, 89), and the induction of long-term potentia- 
tion (90), or an increase in the number of post-synaptic glutamate 
receptors (91). 

The procedure used to carry out the nerve terminal gluta- 
mate immunogold labeling (Fig. 3.5) is detailed below and is 
a modification of the procedure previously reported by Phend 
et al. (92). 

(1) Animals are first anesthetized and perfused transcardially 
with the following fixative at room temperature: 2.5% glu- 
taraldehyde/0.5% paraformaldehyde/0.1% picric acid, in 
0.1 M HEPES buffer, pH 7.3. The brain is removed and 
placed in fixative overnight. It is critical that the brain be 
fixed overnight or the post-embed immunogold procedure 
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will not work. However, do not fix the tissue for more than 
just overnight. 


(2) The brain is then washed in HEPES buffer several times 
and the brain can continue to be washed in buffer for up to 
2 weeks before being processed for electron microscopy. 

(3) The tissue is cut either with a vibratome (50—300 um slices) 
or by hand. 

(4) The tissue is then processed using the new 


Biowave/microwave oven technology (Fig. 3.7) as 
described in Table 3.4. 


Fig. 3.7. PELCO BioWave Pro model from Ted Pella, Inc., used for ultrastructural 
immunolabeling (Cat #36500). Photograph used by permission from Ted Pella, Inc. 


The post-embed immunogold procedure is detailed below 
(Fig. 3.5): 


Immunogold protocol 


Solutions 

TBST 7.6 0.05 M Tris TBST 8.2 0.05 M Tris 
(pH 7.6) (pH 8.2) 
0.9% NaCl 0.9% NaCl 
0.1% Triton 0.1% Triton 
X-100 X-100 


1. Thin (gold) sections are collected on nickel-coated, 75 
mesh grids (formvar coated). 


2. Grids are allowed to dry at room temperature for a min- 
imum of 1.5 h. Grids should be cut the same day the 
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Table 3.4 


Microwave procedure for tissue processing 


PROTOCOL: NORMAL EM TISSUE PROCESSING 


PROGRAM #6 

NAME: EM PROCESSING 

Steps User Time Load 

no. Description prompt (h:min:s) Watts Temp cooler Vacuum 
Ji OSMIUM ON ON 0:03:00 100 60 AUTO CYCLE 
2 OSMIUM OFF OFF 0:02:00 0 60 AUTO CYCLE 
3 OSMIUM ON OFF 0:03:00 100 60 AUTO CYCLE 
4 OSMIUM OFF OFF 0:02:00 0 60 AUTO CYCLE 
5 OSMIUM ON OFF 0:03:00 100 60 AUTO CYCLE 
6 RINSE ON 0:00:40 150 60 AUTO OFF 
Z RINSE ON 0:00:40 150 60 AUTO OFF 
8 UA ON 0:02:00 100 60 AUTO CYCLE 
9 UA OFF 0:02:00 0 60 AUTO CYCLE 

10 UA OFF 0:02:00 100 60 AUTO CYCLE 

ll 50% ETOH ON 0:00:40 150 60 AUTO OFF 

12 75% ETOH ON 0:00:40 150 60 AUTO OFF 

13 95% ETOH ON 0:00:40 150 60 AUTO OFF 

14 100% ETOH ON 0:00:40 150 60 AUTO OFF 

15 100% ETOH ON 0:00:40 150 60 AUTO OFF 

16 PROPYLENE ON 0:00:40 150 60 AUTO OFF 

OXIDE (PO) 

Wy 1:1 PO/RESIN ON 0:03:00 150 60 AUTO CONT 

18 100% RESIN ON 0:03:00 150 60 AUTO CONT 

19 100% RESIN ON 0:03:00 150 60 AUTO CONT 

20 100% RESIN ON 0:03:00 150 60 AUTO CONT 

*IF TISSUE IS HAND CUT OR THICKER THAN 100 pM CONTINUE WITH THE 
FOLLOWING STEPS 
21 100% RESIN ON 0:03:00 150 60 AUTO CONT 
22 100% RESIN ON 0:03:00 150 60 AUTO CONT 


Place tissue in molds or flat embed using ACLAR film; place in 60°C oven overnight 


Solutions/resins used for EM tissue processing: 


Osmium 
ei 


2% OSMIUM TETROXIDE in H20 


UA 


0.5% URANYL ACETATE IN DEIONIZED H20 


3% POTASSIUM FERRICYANIDE IN H20 


Mix Spurr:Epon resin: 


Add all ingredients on a balance into a plastic disposable beaker in order given below. Stir with dispos- 


able tongue depressor 


Cover resin with parafilm until ready to use 
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Table 3.4 (continued) 
RESIN 
Amt. Amt. Amt. Amt. Amt Amt Amt Amt. 
SPURR (9) (9) (9) (9) (9) (9) (9) (9) 
VCD (ERL 4206) 1 2 4. 5 7 10 15 20 
DER 736 0.4 0.8 1.6 2 2:8 4 6 8 
NSA 2.6 512 10.4 13 18.2 26 39 52 
DMAE 0.04 0.08 0.16 0.2 0.28 0.4 0.6 0.8 
TOTAL 404 808 1616 20.2 28.28 40.4 60.6 80.8 
EPON 
EPON 812 140 2.8 5.6 m 9.8 14 21 28 
(Embed 812) 
DDSA 0.65 1.3 2.6 3.25 4.55 6.5 Die Ilg 
NMA 0.66 1.32 2.64 33 4.62 6.6 V2) Nz 
DMP-30 0.11 0.21 0.43 0.54 0.75 1.07 1.61 2.14. 
TOTAL 2.82 5.63 11.27 14.09 19.72 28.17 42.26 56.34 
Total SPURR + EPON 6.86 13.71 2743 34.29 48 68.57 102.86 137.14 
primary incubation in the antibody is started since label- 
ing is greatly reduced if sections are cut the day before. 

3. All incubations and rinses are carried out at room tempera- 
ture, with grids submerged, tissue side up, in drops of solu- 
tion (approximately 50 wl) on silicon grid pads or parafilm. 
All rinse and diluted solutions are filtered (0.22 um) 
before use. 

4. Drain excess solution from grids by touching the edge of 
the grid and tweezers to a kimwipe between each step. 

(a) 2% Aqueous periodic acid: 7 min 

(b) Water rinse grids 

(c) 2% Aqueous sodium metaperiodate: 7 min 
(d) Water rinse grids 

5. Create a moist chamber (place wet kimwipes along the sides 
of the Petri dish) for the primary antibody incubation. 

6. Wash with TBST 7.6, 5 min 

7. Primary antibody [1:10,000 for anti-glutamate from Sigma 
(cat #: G-6624); for double-labeling we use a 1:250 dilu- 
tion; for GABA (Sigma: cat #2052) we use a 1:250 dilu- 
tion either alone or with the double-labeling procedure]: 
overnight in a covered/moist Petri dish. 

8. Next day, wash grids in TBST 7.6, 5 min. 


74 


Schang et al. 


9. TBST 7.6, 5 min. 
10. TBST 7.6, 30 min. 
11. TBST 8.2, 5 min. 


12. Secondary antibody: incubate for 1.5 h. Secondary anti- 
body (Jackson ImmunoResearch Lab, Inc., Goat anti- 
rabbit IgG,) is conjugated to 12 nm gold and diluted 1:50 
in TBST 8.2. 


13. TBST 7.6, wash grids for 5 min. 
14. TBST 7.6, wash grids for 5 min. 


15. Dip grids gently 3 times in each of three 10-ml beakers 
filled with millipore filtered deionized water. 


16. Float grids tissue side down on top of separate drops of 
millipore filtered deionized water for 5 min, then dry at 
room temperature. The sections are then photographed at 
a final magnification of 40,000. The number of gold par- 
ticles and the area of the nerve terminal are calculated using 
Image-Pro Plus imaging software (Media Cybernetics). 

Since the alterations in glutamate immunolabeling following 
a 6-OHDA lesion, with or without exercise, have been associated 
with terminals making an asymmetrical synaptic contact onto den- 
dritic spines, we speculated that these glutamate synapses primar- 
ily originated from the motor cortex. However, because striatal 
nerve terminals making an axospinous contact can also originate 
from the thalamus (60—62, 90), it is possible that the thalamic 
input may also be contributing to the changes in striatal gluta- 
mate following the loss of dopamine. Examples of VGLUT-1- 
labeled striatal terminals that have been double labeled for glu- 
tamate immunogold are shown in Fig. 3.8. It has been recently 
reported that after MPTP administration in the non-human pri- 
mate, there is an increase in the number of nerve terminals con- 
taining VGLUT-1 protein (90), suggesting a change in the gluta- 
mate input from the cortex (61, 91, 93). For VGLUT-2, there 
was a shift in the number of terminals making an axospinous 
versus axodendritic contact, suggesting some sort of glutamate 
synaptic reorganization originating from the thalamus. Therefore, 
it will be essential to distinguish the input from the cortex and 
thalamus in terms of determining the effects of physical activity 
on glutamate synapses within the striatum. 

In order to process tissue for both pre-embed immunolabel- 
ing for VGLUT-1 or VGLUT-2 localization using diaminoben- 
zidine histochemistry and post-embed immunogold to localize 
glutamate, the following procedure is carried out using the new 
microwave procedure (Table 3.5). For double labeling, we have 
found that the animal needs to be perfused with the following 
fixative: 1% glutaraldehyde/0.5% paraformaldehyde/0.1% picric 
acid in 0.1 M phosphate buffer. The brain is left in the fixative 
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Fig. 3.8. Double labeling for the vesicular glutamate transporter-1 (VGLUT-1) (a—d) and VGLUT-2 (e) and glutamate. 
The darkened reaction product (DAB) inside labeled terminals (L-NT) shows the localization for the VGLUT-1 or VGLUT- 
2 protein. There are also unlabeled nerve terminals (U-NT) within the field. Both labeled and unlabeled terminals are 
shown making an asymmetrical synaptic contact (arrow) onto an underlying dendritic spine (SP) or dendrite (DEND). 
Within the nerve terminals are numerous 10-nm gold particles (arrowhead) indicating the location of the neurotransmitter, 
glutamate. (a) Low power view where three labeled terminals (L-NT) containing the darkened reaction product for VGLUT- 
1 localization and one unlabeled terminal (U-NT) can be seen making contact with an underlying spine. Immunogold 
labeling can be seen concentrated within the nerve terminals. (b) Slightly higher power view versus a above showing 
one labeled and one unlabeled terminal making an asymmetrical contact onto dendritic spines. (c) Higher power view 
showing a single-labeled nerve terminal, containing numerous 10-nm gold particles, making an asymmetrical contact 
onto a dendritic spine. (d) Two labeled and one unlabeled terminals are seen making an asymmetrical synaptic contact 
onto a dendrite, while a nearby labeled terminal is making an asymmetrical synaptic contact onto a dendritic spine. (e) 
VGLUT-2 labeling of nerve terminals making a synaptic contact onto either a dendrite (DEND) or spine (sp), while there is 
one unlabeled terminal contacting a dendritic spine. 
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Table 3.5 
Microwave procedure for EM immunohistochemistry 


PBS: phosphate buffer saline (0.1 M phosphate, 0.9% 
sodium chloride, pH 7.3) 

ABC: avidin-biotin complex (Vector Labs, diluted 
according to the manufacturer’s instructions) 

DAB: diaminobenzidine [22 mg DAB in 100 ml 
Tris-buffered saline (0.1 M Tris, 0.9% sodium chloride) 
plus 10 ml 30% H202] 


User Time Load 

Description prompt  (h:min:s) Watts Temp Cooler Vacuum 
ANTIGEN RETRIEVAL ON 0:05:00 550 60 AUTO OFF 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
30% HYDROGEN PEROXIDE ON 0:01:00 150 60 AUTO OFF 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
BLOCKING STEP ON 0:01:00 150 60 AUTO OFF 
PRIMARY PRE-VAC ON 0:00:10 200 60 AUTO CYCLE 
Primary Antibody (Ab) ON OFF 0:02:00 200 60 AUTO CONT 
Primary Ab OFF OFF 0:03:00 0 60 AUTO CONT 
Primary Ab ON OFF 0:02:00 200 60 AUTO CONT 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
Secondary Ab ON ON 0:04:00 200 60 AUTO CYCLE 
Secondary Ab OFF OFF 0:03:00 0 60 AUTO CYCLE 
Secondary Ab ON OFF 0:04:00 200 60 AUTO CYCLE 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
ABC ON ON 0:04:00 150 60 AUTO CYCLE 
ABC OFF OFF 0:03:00 0 60 AUTO CYCLE 
ABC ON OFF 0:04:00 150 60 AUTO CYCLE 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 
PBS RINSE ON 0:01:00 150 60 AUTO OFF 


DAB on bench ~ 10 min. 
Stop reaction by placing tissue in PBS. Put tissue in change of PBS until ready to process for (electron microscopy). 
Antigen retreival: 10 mM sodium citrate, pH 6.0 or 10 mM TRIS, 1 mM EDTA, pH 9.0. 


overnight in the cold and then cut the next day. We have tried 
using a slightly less harsh fixative consisting of 1% acrolein/0.5% 
glutaraldehyde/2% paraformaldehyde in phosphate buffer and 
the results have been less than satisfying in terms of both the pre- 
embed DAB labeling and the post-embed immunogold labeling. 
It appears that in order to obtain good immunogold labeling, it 
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is essential that the fixative contain 1% glutaraldehyde. For the 
antigen retrieval, a pH of 6.0 generally works, but for a few anti- 
bodies, a pH of 9.0 works even better. We find that after a nearly 
complete loss of dopamine (~90%), there is a significant decrease 
in the density of nerve terminal glutamate immunogold label- 
ing in VGLUT-1-labeled and in unlabeled nerve terminals mak- 
ing an asymmetrical synaptic contact in the striatum compared 
to the control group. This decrease was 35% for the VGLUT-1- 
labeled terminals and 58% for the unlabeled terminals (control vs. 
lesioned group). This decrease in nerve terminal glutamate label- 
ing was associated with an increase in the apomorphine-induced 
contralateral turning (83). 

For the antibodies we have tested using the pre-embed/DAB 
method above, the following dilutions were used: VGLUT-1 
(Synaptic Systems, polyclonal: cat #135-303: 1:2,000); VGLUT- 
2 (Synaptic Systems, polyclonal: cat #135-403, 1:100); Activity 
Related Complex (ARC: Synaptic Systems, polyclonal: cat #156- 
003, 1:200); Tyrosine Hydroxylase (ImmunoStar, monoclonal: 
cat #22941, 1:1,000); and Glial Fibrillary Acidic Protein (Sigma, 
monoclonal: cat #G3893, 1:500). 


5. Histological 
Correlates to 
Changes in 
Locomotion in the 
1-Methyl-4- 
Phenyl-1,2,3,6- 
Tetrahydropyridine 
(MPTP) Mouse 
Model of 
Parkinson’s 
Disease 


The MPTP mouse model of Parkinson’s disease is one of the most 
widely used. Several administration protocols ranging from acute 
to chronic mimic various stages in the progression of dopamine 
(DA) cell neurodegeneration in the substantia nigra pars com- 
pacta (SNpc). Because each MPTP model results in a unique 
degree of DA cell degeneration (anywhere from 20 to 80% cell 
loss) and deprivation of DA to the striatum, it is necessary to 
develop testable behavioral tasks which are differently sensitive 
to DA loss. The Free-Standing Rear and Parallel Rod Activity 
Chamber (PRAC) tests described below are two such assessments 
of locomotor function. We demonstrate their application in both 
young adult and aged C57B1/6 J male mice using both subacute 
(30 mg/kg/d i.p. in young adult; 15 mg/kg/d i.p. in aged ani- 
mals x 7 d) and chronic administration models (7 mg/kg/d i.p. 
in young adult; 4 mg/kg/d i.p. in aged animals x 28 d). Both of 
these tests are particularly sensitive to DA loss; reaching, forepaw 
placement, and foot-faulting are motor responses that most con- 
sistently reflect the damage to the basal ganglia circuits central to 
movement control (94). 

As examples of how these behavioral tests have been used 
in the MPTP model, we present their correlation with depleted 
tyrosine hydroxylase (TH)-labeled DA cells of the SNpc in 
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a non-invasive therapeutic intervention study and in a novel 
progressive model. Few studies have investigated the effects of an 
enriched environment (EE) on restoration of brain chemistry or 
motor behavior due to the loss of DA in the nigrostriatal pathway 
(95-98). The EE consists of housing conditions in which social 
and novel physical stimulation are promoted by an excess of toys 
(e.g., tubes, wheels, ladders) and peers in a large cage. It was first 
reported that exposure to an EE for 2 months, followed by acute 
administration of MPTP (20 mg/kg x 4/d, fifth injection on 
day 7), resulted in a decrease in the loss of tyrosine hydroxylase- 
immunoreactive (TH-ir) DA cells in the SNpc (99). Acute MPTP 
resulted in a nearly 70% loss of TH-ir cells in the SNpc, but in the 
EE-exposed group, this loss was only about 40%. However, there 
was no behavioral correlate to this reduced loss of TH-ir cells. We 
present evidence that 1 week after the partial loss of TH-ir cells 
within the SNpc, exposure to an EE results in a significant restora- 
tion in the number of TH-ir cells and in partial recovery of motor 
behavior. We also find that the extent of recovery in both TH-ir 
cells and behavior is dependent on the MPTP model used and the 
age of the animal. 


6. Free-Standing 
Rears as a 
Measurement of 
Locomotor Deficit 


Several behavioral tests are commonly used to assess locomotor 
impairments in the MPTP mouse model of Parkinson’s disease; 
among them, the Rotarod, the Grid test, and the Beam Traversal 
Challenge (94, 100). Although vertical rearing behavior has been 
measured in the MPTP-lesioned mouse, a distinction between 
wall-assisted and free-standing rears has never been reported. We 
have observed that healthy mice, both young adult and aged, 


Wall-Assisted Rear Free-Standing Rear 


Fig. 3.9. Rearing test cylinder. 
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tend to rear freely and wall-assisted 50% of the time (Fig. 3.9). 
When lesioned with a subacute dose of MPTP (30 mg/kg/d in 
young adults; 15 mg/kg/d in aged animals x 7 d), mice rear 
freely only 30-50% of their baseline (Fig. 3.10a). In the chronic 
MPTP model (7 mg/kg/d in young adults; 5 mg/kg/d in aged 
animals x 28 d), this frequency increases to 30% indicating a 
lesser locomotor deficit (Fig. 3.10a). Additionally, total number 
of rears decreases by 50% with subacute MPTP (controls: 101.69 
+ 1.81% of baseline; subacute MPTP: 71.35 + 5.38% of base- 
line) and by 45% in the chronic model (controls: 22.5 + 1.4 total 
rears; chronic MPTP: 12.37 + 1.13 total rears). This observation 
supports findings in previous studies using similar MPTP models 
(101-103) and suggests that vertical exploration is significantly 
impaired in both subacute and chronic MPTP-lesioned mice. 

l. The cylinder: A cylinder of 3 cm radius and at least 9 cm 
height with no ceiling is used. The walls should be translu- 
cent; this behavior does not depend on directed stimuli and 
is not skewed by visualization of surroundings. In a solid 
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Fig. 3.10. An enriched environment leads to correlated recovery of free-standing 
rears and TH-immunoreactive SNpc cells. The decrease in free-standing rears (a) and 
40-50% decrease in TH-ir cells (b) caused by MPTP is reversed by EE in both subacute 
and chronic models. 
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cylinder, animals tend to show behavioral phenotypes con- 
sistent with anxiety: attempting to jump over the wall of the 
cylinder, sitting still at the base of the cylinder wall. 


2. Collecting baseline data: Mice are moved into the testing 
room l h prior to testing to acclimate to the conditions 
of the room. Prior to any experimental treatment, animals 
should be tested inside the cylinder to collect baselines. The 
number of times over 2 min each animal rears using the 
cylinder wall for support (wall-assisted) and without touch- 
ing forepaws to the wall (free-standing) should be recorded. 
It is not necessary to acclimate the animal to the cylinder 
prior to baseline collection because rearing is an exploratory 
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Fig. 3.11. Subacute and chronic MPTP doses have a differential effect on TH-ir cells in 
the SNpc of young adult and aged mice. In the subacute young adult model (30 mg/kg/d 
x 7 d), there is a 50% TH-ir cell depletion and a comparable 40% decrease in Thionin- 
stained cells (a). Alternatively, the chronic MPTP dose (4 mg/kg/d x 21 d) causes a 40% 
TH-ir loss and only a 15% decrease in Thionin-stained cells by day 7 in aged mice (b). 
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Fig. 3.11. (continued) 
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behavior and does not depend on familiarization with the 
testing environment. 


3. Testing: Mice are moved into testing room 1l h prior to 
testing to acclimate to the conditions of the room. Follow- 
ing treatment, the number of wall-assisted and free-standing 
rears over 2 min should be counted. These numbers are 
compared to baseline levels to assess (1) the change in per- 
centage of free-standing rears and (2) the change in total 
rears due to treatment. 

Decreases in both total rears and percent free-standing rears 
have shown to correlate with loss of expression of the rate- 
limiting enzyme, TH, within DA cells located in the SNpc (Fig. 
3.11). This suggests that free-standing rearing behavior is a 
sufficient indicator of DA deficiency in subacute MPTP mouse 
model of Parkinson’s disease. Although immunohistochemical 
TH-labeling is standard for detecting DA cells, it has been sug- 
gested that in MPTP models of Parkinson’s disease, a decrease in 
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immunoreactive neurons in the SNpc can be due to either dys- 
function or degeneration (104, 105). For this reason, it is nec- 
essary to compare cell number between TH-labeled and thionin- 
stained cells to confirm that non-immunoreactive cells are degen- 
erated as opposed to unable to express TH. With the subacute 
MPTP dose, comparison of TH-ir and thionin-stained neurons in 
serial slices of the SNpc shows comparable loss (Fig. 3.11a). This 
suggests that the subacute dose of MPTP is sufficient to cause DA 
cell degeneration as opposed to rendering them dysfunctional. In 
the chronic model, however, the thionin-stained cell loss is only 
15% compared to the 40-50% TH-ir loss, indicative of dysfunc- 
tional but not degenerated DA cells (Fig. 3.11b). 

We have also found that exposure to an EE can restore the 
percentage of free-standing rears back to nearly the control level 
(Fig.3.11). In both the subacute and chronic models, mice 
injected for 7 days with MPTP were subsequently put into an 
EE 24 h/d (MPTP + EE). After 21 days, the MPTP + EE group 
shows an increase in both free-standing rears and TH-ir cells 
(Fig. 3.11). This suggests that an EE is not only resulting in a 
recovery of DA cell expression but that this increase in TH-ir 
cells has an influence on motor behavior. 


7. Foot-Faults 
and Activity 

as a Measurement 
of Locomotor 
Deficit 


Open-field activity is a traditional measurement of spontaneous 
exploratory behavior. In the Parallel Rod and Activity Chamber 
(PRAC) test, it has been combined with the measurement of foot- 
faulting behavior to determine frequency of foot-faults in healthy 
and MPTP-lesioned mice. The task measures the number of times 
a mouse paw slips through a chamber floor consisting of a series of 
parallel metal rods, as previously described (106). Simultaneously, 
photo-beams affixed to the walls of the chamber record activity 
inside the chamber by the number of times a mouse passes in 
front of a beam, breaking the signal. 

It is important to measure these two locomotor variables 
together, as an increase or decrease in one does not imply the 
same change in the other. For instance, we have found that when 
comparing foot-faults alone, one group may fault significantly less 
than another. This can either be due to more faulting per unit of 
movement, or because the animals in one group are less active giv- 
ing them less opportunity to fault. For this reason, it is necessary 
to also express foot-faults relative to total activity. 

The parallel rod chamber described by Kamens and Crabbe 
(106) was originally designed to test ataxia in ethanol-treated 
mice. For the purposes of their studies, animals were acclimated 
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to the parallel rod chambers for 5 min prior to testing. However, 
in the subacute and chronic MPTP models of Parkinson’s disease 
we have found that acclimation for 10 min/day over 2 days prior 
to measuring baseline behavior yields more consistent data. This 
method is in agreement with previous reports of cocaine-treated 
rats (107). 

l. The Parallel Rod and Activity Chamber (PRAC): Equip- 
ment is set-up as previously described (106) with the mod- 
ification of eight photo-beams affixed in pairs across each 
chamber face to record total activity (Fig. 3.12). When the 
mouse’s paw slips through the parallel rods and contacts the 
metal plate below, a circuit is closed and an error recorded 
by the computer. Slips of the tail or feces through the rods 
are not recorded. Similarly, an error is recorded each time 
the mouse breaks a photo-beam in each quadrant. 


Fig. 3.12. Parallel Rod and Activity Chamber (PRAC). Similar to that described by Kamens and Crabbe (106) but modified 
with eight photo-beams. 


2. Collecting baseline data and testing: Over 2 days prior to 
collecting baseline behavior, acclimate animals to chambers 
for 10 min a day. Mice should be moved into the testing 
room l h prior to testing to acclimate to the conditions 
of the room. On the third day, baseline data are collected: 
one mouse should be placed in each PRAC and behavior 
recorded for a minimum of 5 min. Between each recording 
session, metal plates and parallel rods should be cleaned with 
10% isopropyl ethanol to remove feces and urea; if allowed 
to accumulate in large quantities these will become conduc- 
tive and break the circuit such that the computer will not 
record mouse paw slips. 

It has been reported that chronic, daily administration of 
MPTP in mice for up to 20 days results in a decline in the per- 
centage of remaining TH-ir cells in the SNpc (108). The maxi- 
mum loss of TH-ir cells was about 65%, which occurred by day 
15 and was maintained through day 20. The advantage of such a 
chronic model for Parkinson’s disease is that intervention therapy 
such as an EE can be started at any time point after neurotoxin 
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administration. Unlike the acute and subacute models, there is 
no concern with chronic administration that there will be com- 
pensatory sprouting of new DA nerve terminals (109). However, 
the TH-ir loss in the chronic model plateaus after 15 days such 
that studies of long-term therapeutic effects cannot intervene at 
the more acute stages of cell loss. Therefore, we have developed a 
progressive MPTP model for the purposes of studying EE inter- 
vention at varying stages of TH-ir cell loss. 

There are several MPTP models characterized as progressive 
(110-112). We present evidence for a workable chronic, progres- 
sive MPTP model using intraperitoneal injection (Fig. 3.13). For 
a period of 4 weeks, young adult mice are injected daily with a 
dose of MPTP increasing each week (4 mg/kg/d for 1 week; 
8 mg/kg/d for 1 week; 12 mg/kg/d for 1 week; 16 mg/kg/d 
for 1 week). Foot-faults per total activity, as measured by the 
PRAC test, increased in a dose-dependent manner from weeks 
1—4 (Fig. 3.13a). One week of 4 mg/kg/d MPTP did not affect 
the foot-fault per beam break ratio (FF/BB), but was sufficient to 
decrease TH-ir SNpc cells by 22% (Fig. 3.13b). The maximum 
cell loss that occurred by day 28 was 60%. 
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Fig. 3.13. Effects of increasing MPTP dose on PRAC test and TH-ir cells in the SNpc. In 
young adult mice, foot-fault per beam break ratio (FF/BB) increases in a dose-dependent 
manner (a). Similarly, TH-ir neurons of the SNpc decrease as MPTP dose increases over 
4 weeks (b). 


8. Comparison 
of Motor Function 
Tests in Humans 
with Parkinson’s 
Disease Versus 
the Rodent Model 
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In the rodent model of Parkinson’s disease that is used in the 
author’s lab, the motor deficiencies are not as apparent as they are 
in humans with this disease. By the time humans show the obvi- 
ous behavioral signs of Parkinson’s disease, there is a severe loss 
(~70-80%) of striatal DA and about a 50% or greater loss of DA 
neurons in the SNpc. Rodents, in general, do not develop obvious 
tremor or freezing with the loss of nigrostriatal DA. Motor defi- 
ciencies in the MPTP non-human primate model are far closer to 
those seen in humans with Parkinson’s disease, but this chapter 
has focused exclusively on the rodent model. With rodents, the 
possible rigidity and bradykinesia/hypokinesia can be measured 
using the Parallel Rod and Activity Chamber as described above. 
The use of the cylinder test, which probably measures a number 
of factors, such as balance, coordination, and vestibular/sensory 
function, may be related to the postural control and sensory inte- 
gration that can be measured in humans (see Table 3.1). 

Gait is an important measure of motor function that is tested 
in humans (Tables 3.1 and 3.3). Recently, such a motor function 
test has been developed for use in various rodent models of dis- 
orders within the central nervous system (113). This gait analysis 
apparatus can accurately measure a number of functions, such as 
stride length, stance width, and foot placement angle while the 
rodent is running on treadmill. Whether this apparatus can mea- 
sure changes in gait dynamics when there is a more subtle loss of 
striatal DA over an extended period of time versus the more acute 
loss of DA is yet to be determined. However, this gait apparatus is 
a significant advancement in terms of being able to translate some 
motor function tests in humans to rodents. 
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Chapter 4 


Spatial Learning and Memory in Animal Models and Humans 


Gwendolen E. Haley and Jacob Raber 


Abstract 


Spatial learning and memory requiring navigation has been widely assessed as a part of traditional rodent 
cognitive testing. Significantly fewer studies have examined spatial learning and memory requiring navi- 
gation in nonhuman primates and humans. While rodent spatial tasks utilize navigation and an allocentric 
frame of reference, nonhuman primate and human spatial tasks often utilize an egocentric frame of ref- 
erence, lacking a navigational component. Due to this difference, cross species comparisons cannot be 
easily made. In rodent models, both spatial learning and memory and object recognition tasks requiring 
navigation are used to assess hippocampus-dependent learning and memory. Furthermore, addition of a 
spatial component to the traditional object recognition task in the mouse and human model has increased 
the sensitivity of the task to detect cognitive changes. Based on hippocampus-dependent cognitive tests 
used in our mouse studies, we developed spatial learning and memory tests requiring navigation for non- 
human primates (Spatial Foodport Maze) and humans (Memory Island) as well as the object recognition 
test Novel Image Novel Location (NINL) for humans. Here, we discuss these translational cognitive 
tests that are being used to bridge the gap between object recognition and spatial learning and memory 
tasks across species. 


1. Introduction 


Cognitive tests in animals have been developed to examine perfor- 
mance between different experimental conditions and to explore 
the neurobiological processes of memory. Ideally, findings from 
animal tests would translate to understanding of cognitive prob- 
lems and pathologies that arise in the human population. A variety 
of sensitive cognitive tests, such as hippocampus-dependent spa- 
tial learning and memory tests requiring navigation which are a 
hallmark of sensitive rodent cognitive test batteries and routinely 
used in animal behavioral laboratories, have mostly not been 
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1.1. Spatial Memory 
in Rodents 


translated for developing sensitive cognitive tests in humans. Such 
translational tests might be sensitive to detect cognitive changes 
in nonhuman primates and humans as well. They are also required 
for cross-species comparison of this type of learning memory and 
the underlying neurobiological mechanisms under physiological 
and pathological conditions. 


The most widely used animals for assessing spatial learning and 
memory requiring navigation are rodents. Rodents are relatively 
small and their environment is easily manipulated and controlled. 
There is one important difference between spatial learning and 
memory tests generally used for rodents, nonhuman primates, 
and humans. The rodent spatial learning and memory navi- 
gational tests are administered with an allocentric, or world- 
centered, frame of reference in which animals are required to use 
navigation to orient within a large space. In contrast, most non- 
human primate and human spatial learning and memory tests do 
not assess the subject’s ability to navigate through space. Instead, 
these tests tend to have all the information within one field of 
view, giving the subject an egocentric, or a self-centered, frame 
of reference. Two well-known spatial learning and memory tests 
requiring navigation in rodents are the water maze and the Barnes 
maze. 

Perhaps the most well known and used rodent spatial learning 
and memory test requiring navigation is the water maze, devel- 
oped by Richard Morris (1). In the water maze, rodents are placed 
in a large tub containing an escape platform beneath opaque 
water. Rodents are natural swimmers and will actively search for 
the platform to escape swimming and the maze. There are vari- 
ous versions of water maze designs. In some designs, the animals 
are first trained to locate a visible platform and are subsequently 
trained to locate one or more hidden platform locations. In some 
water maze designs, “probe” trials, trials in which the platform is 
removed, are used to assess spatial memory retention. The water 
maze has been extensively used for cognitive testing of rodents 
(for examples see (2—6)). 

While not as popular as the water maze, the Barnes maze (7) 
was developed chronologically before the water maze to assess 
spatial memory. The Barnes maze consists of a circular disk with 
holes around the perimeter, and one of the holes leads to an 
escape box. Rodents are placed on top of the disk to start the 
trial. Rodents do not like to be in an open bright-lit field and are 
trained to search for the escape box. During hidden escape train- 
ing, like during hidden platform training in the water maze, fixed 
visual cues are present in the room to allow the animal to gen- 
erate a spatial map to locate the escape box. In the Barnes maze 
analysis, different search strategies can be distinguished. There are 
spatial, serial, and random search strategies (8). When an animal 
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has learned the task and is able to make a spatial map, a “spa- 
tial search” pattern might be used; the mouse searches within 
one hole of the target location. In contrast, if the animal has not 
learned the target location (yet) but has learned the task it might 
use a “serial search;” the mouse searches each location in a con- 
secutive order (either direction) until the target location is found. 
A third search strategy an animal can use is a random search; nei- 
ther a spatial nor a serial search is being used and there are no clear 
search patterns detectable. While in principle the Barnes maze is 
useful to assess spatial learning and memory (7, 9-11), a poten- 
tial concern is motivation to perform the task. Unlike the water 
maze in which the animal is motivated to locate the platform and 
escape the water, motivational issues can arise, even when bright 
light, loud noise, and forced air are used to motivate the animal 
to search for the escape tunnel. 

Video tracking software can be used to record and analyze 
performance in both the water maze and Barnes maze. In the 
water maze, distance traveled, latency, cumulative distance to the 
target, and swim speed are generally used as outcome measures. 
In the Barnes maze, search strategies, as described above, and 
numbers of errors (searching a hole not containing the escape 
tunnel) are usually used as outcome measures. 

In addition to the water maze and Barnes maze, spatial learn- 
ing and memory can also be assessed using object recognition 
tests with a spatial component, which increases sensitivity com- 
pared to more traditional tasks. A number of variations of object 
recognition tests have been used in laboratories for over 20 years. 
The first one was reported in 1988 (12), although it was known 
that rodents explore novel objects more than familiar objects from 
as early as 1950. In general, the design of the object recogni- 
tion test involves habituation to the testing arena without objects, 
habituation to the testing arena with the objects, and testing in 
the arena containing either a novel object replacing a familiar one 
or containing a familiar object moved to a novel location. The 
addition of a spatial component challenges the animal to recall 
not only the object, but also its location within a testing arena. 
Rodents have an innate preference to explore novel objects and 
exploring objects moved to a novel location (5). Adding a spatial 
component, it increases the sensitivity of the object recognition 
test (3, 13-15). 

Example of a mouse object recognition test design: First, mice 
are habituated to an open field (40.6 cm x 40.6 cm) for 5 min 
for 3 consecutive days. On the fourth consecutive day, three dif- 
ferent plastic toys are placed in the open field, consistently in the 
same arrangement during three consecutive trials, and the ani- 
mals are allowed to explore the toys. Each trial lasts 10 min with 
a 5-min inter-trial interval. After these three training trials, mice 
are tested in two consecutive trials of similar time and containing 
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1.2. Nonhuman 
Primates 


the same inter-trial interval. Testing involves moving one of the 
familiar objects to a different location (trial 4) or replacing one 
of the objects with a new object (trial 5). Objects are used only 
once and replicas of the objects are used in subsequent trials to 
eliminate potential remaining odors or other potential markings 
on the objects serving as additional cues to the animals. Each 
trial can be recorded and analyzed with multiple body point or 
whole body video-tracking software (16). Outcome measures are 
the total time spent exploring all objects and the percent of time 
spent exploring the individual objects in the different trials. 
Lesion studies in rodents have demonstrated that spatial 
learning and memory as assessed in the water maze, Barnes maze, 
and in some versions of the object recognition tasks are hip- 
pocampus dependent (17), yet reliant on different areas of the 
structure (18). Notably, hippocampus-dependent tasks are sen- 
sitive to the effect of environmental toxins (3, 4) and in utero 
exposure to drugs of abuse such as methamphetamine (19). The 
hippocampus is also one of the first brain areas to decline in nor- 
mal aging (20, 21) and one of the first brain areas affected by 
neurological diseases such as Alzheimer’s disease (AD) (22, 23). 


While rodent tests such as the water maze utilize navigation, non- 
human primate tests traditionally have not. For example, non- 
human primate object recognition tasks have been developed 
including the Wisconsin General Testing Apparatus (WGTA), first 
introduced into the literature by Harlow in 1959 (24). More 
recently, the WGTA has been advanced to computerized versions. 
Although the WGTA was developed with the safety of the exper- 
imenter as well as the monkey involved in the testing, it does not 
allow for much movement within space. The WGTA continues 
to provide valuable data on object recognition tests, particularly 
information on how well nonhuman primates can discriminate 
between two objects. 

Until recently, spatial learning and memory was tested in the 
nonhuman primate in the WGTA or via similar, computerized 
tests. An example of a computerized nonhuman primate test is 
the Delayed Response task. In this task, a red block is presented 
in a specific location (i.e., the right side of the tray/screen). Fol- 
lowing a delay period, two blocks are presented and the animal’s 
task is to choose the correct location, based on the location of the 
first block. While this has traditionally been the task to assess spa- 
tial memory in nonhuman primates, recent evidence indicates that 
it is reliant on different neural pathways compared to the rodent 
spatial mazes requiring navigation. Human studies suggest that 
tasks without navigation recruit different neuronal networks than 
those with navigation. Therefore, direct inferences about the two 
types of tests cannot be made (25, 26). As a result, while non- 
human primate studies have yielded valuable information about 
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learning and memory not requiring navigation, more specialized 
tests are required to allow for comparison across different species. 

The most popular object recognition test for nonhuman pri- 
mates is the delayed matching to sample (DMS) or delayed non- 
matching to sample (DNMS), although DNMS might be reliant 
on alternate neural pathways than traditional object recognition 
tasks (27-29). Before testing, an object or computerized image is 
presented to the animal. Following a delay, the animal is then pre- 
sented with two objects or computerized images and is allowed to 
choose the matching (DMS) or the nonmatching (DNMS) sam- 
ple. Outcome measures include the number of correct answers. 
The WGTA has had an integral role in understanding object 
recognition in the nonhuman primate and different variations are 
being used to assess object recognition. 

Recently, a few nonhuman primate tests have been developed 
to assess spatial learning and memory requiring navigation. In 
1997, Rapp et al. developed a nonhuman primate test resembling 
the rodent radial arm maze (30). In this test, the animals, teth- 
ered to the floor, search food ports on the floor in an 8-point 
star formation guided by visual cues on the wall. Nonhuman pri- 
mates were able to learn the task, evident in the recollection of 
the baited port. Another spatial maze was developed by Hamp- 
ton et al. (31). In this test, the animals are tethered in an open 
room and allowed to search several “forage” sites. As a decrease 
in test performance is reported following hippocampal damage, 
this test seems hippocampus dependent. While these two tests are 
a vast improvement compared to previous spatial tests for nonhu- 
man primates, the animals are tethered to sedentary objects and 
are thus limiting animals from freely moving. 

Two spatial learning and memory tests requiring navigation 
for nonhuman primates have recently been developed. One for- 
aging maze was developed for squirrel monkeys (32). In this par- 
ticular task, food ports are mounted to a large cage. The ports 
are far enough away from each other that the animals have to 
move from port to port. Multiple food ports are baited with 
food rewards, and the animals consistently can find the reward 
in the baited ports. The squirrel monkeys decreased their num- 
ber of errors (searching ports not baited) during repeated trials, 
supporting that they learned the task. 

Another spatial learning and memory navigational test, the 
Spatial Foodport Maze, was developed for freely behaving rhesus 
macaques and is somewhat similar to the rodent Barnes maze. In 
this test, the animals are placed in an open room containing food 
ports mounted to the wall. Nonhuman primates are trained to 
retrieve a food reward from a single baited port (33). Recently, we 
reported that during the first half of the trials, old female rhesus 
macaques mostly use a serial search pattern to find the baited port. 
However, during the second half of the trials, the animals mostly 
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Table 4.1 


Percentage of each search strategy used for the nonhuman primate Spatial 


Foodport Maze 


Percentage of Percentage of Percentage of 

spatial search serial search random search 
First 1/2 of initial trials 36.6 + 6.0 54.4 + 5.6 Qj se 2,0) 
Last 1/2 of initial trials 62.0 + 6.2% 34.3 + 6.1 3.6+1.2 
First 1/2 of shift trials YO) se PM 60.5 + 6.9> 10.3 + 2.9 
Last 1/2 of shift trials 51.4 + 5.94 44.7+6.1 Ba) se ILS 


Indicates a significant increase between the first half and the second half in a search strategy category. 
Indicates a significantly higher percentage between spatial and serial search strategy (P < 0.05). 


1.3. Human Testing 


use a spatial search strategy, indicating they learned the location 
of the baited port (see Table 4.1). The use of a spatial strategy to 
find the target port is similar to what has been reported for the 
use of a spatial search strategy in the rodent Barnes maze (8). This 
maze requires navigation in a larger testing arena, resembling the 
rodent spatial memory tasks more than traditional WGTA spa- 
tial memory tasks and does not require the animal to be teth- 
ered. Therefore, this kind of test might allow better comparisons 
between the two test paradigms than previous spatial tasks used 
in nonhuman primates. 


Traditional tests of spatial memory in humans are the Spatial Span 
Forward and Spatial Span Backward tests (34). These tasks use 
a series of ten blocks glued to a plastic tray on a tabletop. The 
experimenter “taps” the blocks in a specific order, increasing the 
number of blocks tapped in each trial. The subject is then asked to 
tap the blocks in the same order. The complexity increases until 
the person is unable to recall the order. Although these tests are 
challenging, they have a different design compared to tradition- 
ally spatial learning and memory tasks used in rodents. 

Similar to nonhuman primate studies, most human neuropsy- 
chological testing does not involve navigation. While this issue is 
partly due to a lack of space, recent technological advances allow 
tasks with navigation. Computerized virtual reality training mod- 
ules have been developed for this purpose. Such training mod- 
ules are utilized for teaching skills such as driving or flying an 
airplane. In the clinical setting, computerized modules have been 
created to desensitize people, especially with post-traumatic stress 
syndrome and phobias (35-38). In addition, virtual reality mazes 
can be useful to test spatial learning and memory requiring navi- 
gation in humans. For instance, a virtual water maze for humans 
based on the rodent water maze has been developed (39). Results 
generated using the virtual water maze for humans does parallel 
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results generated using the rodent water maze (39, 40). It should 
be kept in mind that in the virtual water maze there is a different 
motivation than the one in the water maze used in rodents. 

Neurobiological networks of learning and memory in the 
human brain are often studied through case studies. Perhaps 
the most famous neuroscience patient is H.M., notable from 
the removal of his medial temporal lobe as a result of treat- 
ment for epilepsy (41). Although the removal of the brain tis- 
sue did alleviate the seizures, H.M. had major cognitive deficits. 
Interestingly, not all of his cognitive capabilities were affected; 
rather, it appeared that it was isolated to his declarative memory. 
Declarative memory consists of episodic and semantic memory 
or knowledge of “facts.” These types of memory include per- 
sonal facts, history (cultural and personal), objects, and words. 
Episodic memory is the recollection of events that occur in a 
given time period. On the other hand, semantic memory is gen- 
eral knowledge accrued over time without being related to specific 
experiences. It is important to realize that these memories over- 
lap and share common information. Moreover, each person has a 
unique episodic and semantic memory. Therefore, object recogni- 
tion tasks were developed to standardize the cognitive paradigm. 

Based on results from human studies including H.M. obser- 
vations, declarative memory is hypothesized to be dependent on 
the hippocampus, but some debate remains on the way to effec- 
tively test episodic and semantic memory. Supporting the results 
from studying H.M., animal models of lesions of the hippocam- 
pus have demonstrated that disruption of the hippocampus can 
alter performance on object recognition tests. Furthermore, per- 
formance on object recognition tests is dependent on the extent 
and location of the lesion (42, 43). 

Object recognition tests for human testing have undergone 
an evolution from 3D object recognition to simply visual object 
recognition, and participants are asked to generate a “snap- 
shot” of an image. Object recognition tests are different from 
another popular test for human neuropsychological paradigms, 
the facial recognition test. Unlike the hippocampus-dependent 
object recognition, facial recognition tests are targeting a different 
area of the brain, the fusiform gyrus, which is in close proximity 
to but not encompassed within the hippocampus structure (44). 
Therefore, facial recognition tests and object recognition are sep- 
arated into different tests in order to identify function of distinct 
areas of the brain. 

To address which neural pathways are involved in performing 
different human cognitive tasks, functional magnetic resonance 
imaging (fMRI) can be used. Thus far, imaging studies in humans 
have corroborated the findings from the H.M. case study and 
indicate that object recognition tests differentially affect the hip- 
pocampus (45). Moreover, human imaging studies support that 
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1.4. Sex Differences 


1.5. Implications for 
Translational 
Research 


the neural pathways involved in facial recognition are different 
from those involved in object recognition (46). fMRI is not only 
a valuable to study cognition in humans but also to study cogni- 
tion in nonhuman primates (47). 


One important consideration in studying spatial learning and 
memory is the sensitivity to gonadal steroids; the hippocampus 
is particularly sensitive to such effects. Not only have studies 
demonstrated that there is a morphological difference between 
the male and female hippocampus (48-50), but there is also a 
difference at the cellular electrophysiological level; males show a 
greater excitability than females (51). Furthermore, synaptic plas- 
ticity, including LTP, is different between the sexes, with males 
having greater synaptic plasticity than females (52). As such, it 
is not surprising that effects of sex are observed in object recog- 
nition and spatial learning and memory requiring navigation in 
animals as well as humans (53-57), further supported by imaging 
studies (58, 59). For instance, castration decreases spatial mem- 
ory in wild-type mice (60), but androgen treatment recovers per- 
formance in males and increases performance in old female mice 
(61, 62). Furthermore, in mice expressing human apoE4, per- 
formance on spatial memory tests is improved with androgen 
treatment (testosterone or dihydrotestosterone) (63) and with 
selective androgen receptor modulators (SARMs) treatment (64). 
Increased efforts are warranted to understand the influence of sex 
hormones on spatial learning and memory requiring navigation 
and object recognition across species. 


Traditionally, translational efforts of spatial learning and mem- 
ory requiring navigation have been relatively unsuccessful, mostly 
due to the nonhomologous neural systems tested. Because of the 
discrepancies in the design of spatial learning and memory tests 
between rodents, nonhuman primates, and humans, few parallels 
have been made across species. Not surprisingly, most data on 
spatial learning and memory requiring navigation have been gen- 
erated in rodent models. However, the addition of new spatial 
learning and memory tests for nonhuman primates and humans 
in recent years will allow more comparisons with rodent mod- 
els. This in turn helps our understanding of spatial learning and 
memory requiring navigation across species in health and disease. 

In Section 2, we describe two new test designs that enable 
cross-species comparison of object recognition and spatial learn- 
ing and memory requiring navigation between rodents, non- 
human primate, and humans. Protocols for Memory Island, a 
human spatial learning and memory test, and Novel Image Novel 
location, a human object recognition test, will be highlighted, 
described, and discussed in detail. 


2. Methods 


2.1, Habituation 


2.2. Training 


2.3. Testing 


2.4, New Human 
Tasks for 
Cross-species 
Comparison 


2.4.1. Spatial Learning 
and Memory (Memory 
Island) 
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In any cognitive paradigm, three phases of testing should be con- 
sidered; habituation, training, and testing. Habituation is neces- 
sary to familiarize the subject with the testing arena, since the 
testing arena is usually outside the home environment. A training 
phase allows the subject to learn the task. Finally testing deter- 
mines how well the subject learned the task and the efficacy of 
the cognitive function of interest. These phases ensure that the 
outcome of the test is appropriate and allows for interpretable 
results. 


Habituation, a process of learning in which a subject stops 
responding when repeatedly presented with a stimulus (65), is 
an important part of cognitive testing paradigms. For example, 
testing paradigms place subjects in unfamiliar situations and if as 
a result of this novelty they have increased measures of anxiety 
that might increase performance on the test. Multiple studies sug- 
gest stress-inducing anxiety or anxiety-like behaviors can decrease 
cognitive function. Therefore, it is important for the subjects to 
not feel overly anxious about the task and to be relatively relaxed 
when tested. The necessary time for habituation ranges depend- 
ing on the paradigm and subject, and the range should be prede- 
termined experimentally for each experiment. 


The training phase of a testing paradigm should allow sufficient 
time for subjects to learn the task. There can be a standard num- 
ber of trials or subjects can be trained to perform to a certain 
criterion level. Once the subject has demonstrated learning of the 
task, testing performance can be assessed. 


The testing phase involves the knowledge previously acquired 
during the training phase to determine how well the test was 
learned. This is the key phase that is often reported in literature, 
but the foundation of the habituation and training phases must 
be included and described for proper interpretation of cognitive 
test performance. 


Spatial memory tests for humans similar to those used in rodent 
models have been few in number due to the differences in the 
size requirements of the testing environments. Manipulation of 
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an environment for 30 g mouse is obviously much easier than 
manipulation of an environment for a much larger and heavier 
60 kg human. For example, if a test were developed with similar 
dimensions as the mouse water maze (tub diameter: 141 cm) for 
a human, the tub of water would need to be 3.2 km in diam- 
eter, which is not practical! An alternative is using virtual real- 
ity computer technology, which has revolutionized the ability to 
develop spatial learning and memory tests for humans using navi- 
gation without requiring a large arena. The virtual water maze for 
humans holds translational capabilities, as does the more enter- 
taining and immersive spatial learning and memory test in humans 
involving navigation of a virtual island environment, Memory 
Island (13, 66). A key feature of Memory Island, seen in Fig. 4.1, 
is the various cues and distinct landmarks that offer the subject 
orientation within the island. A Memory Island testing paradigm 
is described below: 

1. Participants are placed in front of a 19-inch computer mon- 

itor with a stereo speaker and subwoofer. 


Fig. 4.1. View of Memory Island through screen shots of the virtual reality maze. Image a is from the start point, directed 
toward a flag marking the location of one of the target items during a visible trial, observed next to a lighthouse. Panel b 
is an image of the glass structure, a unique structure in quadrant 1. Image c shows the arrow that will appear if subjects 
are having difficulty finding the visible or hidden target. The arrow appears 2 min after the start of the trial and points in 
the direction of the target. Image d is a view of quadrant 3 from the starting location. 
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2. Using a joystick, participants are trained to navigate through 
the virtual world simulating an island environment of 347 
x 287 m? and for analysis composed of four quadrants 
containing a unique target item (Fig. 4.2). A computer- 
generated coordinate file is used to calculate the before- 
described outcome measures. 


3. In the first four trials, subjects are trained to navigate to 
clearly visible target items, one in each quadrant. In these 
“visible” trials, each target item is marked with a flag that is 
clearly visible from the distance. Starting orientation is varied 
for the four trials but kept the same across all participants. If 
the target is not located within 2 min, a directional arrow 
appears on the screen to guide the participant to the target 
(Fig. 4.1c). 


4. Once all four visible target items have been located, the sub- 
ject is trained to locate a hidden target (no flag). 


Fig. 4.2. Screen shots of the target items in Memory Island: image a, black moving statue, quadrant 1; image b, seal, 
quadrant 2; image c, seagull, quadrant 3; image d, water fountain, quadrant 4. 
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2.4.1.1. Data Analysis 


2.4.2. Object 
Recognition (Novel 
Image Novel Location) 


5. The starting orientation is varied for each trial but kept the 
same for all participants. If the target has not been located 
within 2 min, a directional arrow appears on the screen to 
guide the participant to the target. 


6. After a delay (5-90 min) the subject is asked to locate the 
item in a “probe” trial (no target or flag). 


For each trial, the computer software program records a time- 
stamped coordinate file. The parameters that are recorded during 
acquisition allow for calculation of total distance moved (virtual 
feet), velocity (virtual feet per second), latency (seconds), cumu- 
lative distance to the target (virtual feet), and percentage time 
spent in the target quadrant. If the subject locates the target item 
within 2 min the trial is deemed a success. 

For statistical analyses of outcome measures of Memory 
Island, ANOVAs, ANCOVAs, and Mann-Whitney U tests can be 
used (13). Performance on Memory Island can also be used to 
assess potential correlations with performance measures on other 
cognitive tests using Pearson or Spearman correlations. 


Based on the Novel Object Novel Location test developed in 
the mice, a similar Novel Image Novel Location (NINL) test 
has been developed for human testing, which is described in 
detail here: 

1. Three sets of 12 panels are shown, each containing 3 images. 
The two sets of three-image panels are similar in complexity, 
but different in content and arrangement within the four 
quadrants of the panel. 


2. Before beginning the training phase, the study participants 
are given an example of the test (habituation). 


3. For the training phase of the study, the first set of 12 pan- 
els is presented. Each panel is presented for 8 s. The study 
participant is asked to memorize the panels. Examples of the 
panel layout for no change, novel image, and novel location 
are shown in Fig. 4.3. 


4. In the testing phase of the study, the second set is pre- 
sented. The testing set contains panels either identical or 
slightly changed compared to the reference set by contain- 
ing one novel image or one image in a novel location. The 
subject is asked to identify if the panel is identical to or 
changed compared to the original panel. Then, if a change 
is indicated, the subject is asked to identify the type of 
change and where the change occurred. In this set, four 
panels are identical to the reference set, four panels have 
one image replaced with a novel image, and four panels 
have identical images with one image moved to a novel 
location. 
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Set I Set 2 


Fig. 4.3. Examples of the panels used in the Novel Image Novel Location (NINL) test. The /eft panels (Set 1) are examples 
from the reference set, the set that the subjects are presented first and asked to memorize. The right panels (Set 2) 
are examples from the test set. Panels in row a are an example of a set of “no change” panels. Panels in row b are an 
example of “novel image”’ panels. Panels in row c are an example of “novel location.” 


5. Following a delay period (5-90 min in length) and without 
seeing the training set again, the study participants are pre- 
sented with a third set of 12 panels. Once again, the subjects 
are asked to identify the same criteria as in the first testing 
set, making reference back to the original reference set. The 
third set is identical to the second set but the order of the 
panels is rearranged. 


2.4.2.1. Data Analysis To score NINL test performance, a point system is used. Score 
sheets record responses of the subjects, i.e., no change, novel 
image, or novel location. In order to score a point, the subject 
has to correctly identify if there was a change, the type of change 
(novel image or novel location), and where the change occurred 


104 Haley and Raber 


(quadrant of panel). A maximum total of 12 points is possible for 
both the immediate (first testing set) and delayed (second testing 
set). In addition to the total score, subscores are analyzed with a 
total of 4 points each for the no change, novel image, and novel 
location conditions. 


NINL scores can be analyzed with one-way ANOVAs and 


correlations between NINL scores and subscores and other 
behavioral measures. 


3. Notes 


3.1. Memory Island 


. Memory Island is a computerized task. Those individuals 


who have not been previously exposed to computerized 
graphics may be wary of the graphics or intimidated by the 
computer-based task. Some people with vertigo type symp- 
toms or those easy to motion sickness might not be willing 
to perform the task. If the researcher suggests to the subject 
to watch the distant scenery instead of the immediate path, 
it can decrease potential unpleasant emotions. In our experi- 
ence, these potential issues hardly occur in adult, elderly, or 
children. 


. Although children appear to be very efficient at using the 


joystick, older generations, or those without previous expo- 
sure to using joysticks, might not be as predisposed to use 
the joystick effectively. Thorough explanation of the use of 
the joystick helps if this is a concern. Also, aiding in joystick 
direction during the first visible trial can increase the confi- 
dence and performance of the subject. Therefore, in some 
studies it is important to include data on pertinent com- 
puter use. 


. As time to complete Memory Island is an essential perfor- 


mance measure, it is important to make sure there are no 
distractions for the subjects. Removing all external stimuli 
will enable the subject to focus on the test and provide the 
best opportunity for successful completion of the test. 


. Learning curves can be made using any of the parameters 


measured. For instance, if learning occurs over the four hid- 
den trials, total distance to target should be the highest in 
the first hidden trial and decrease with each consecutive hid- 
den trial (Fig. 4.4). The learning curve can then be com- 
pared across experimental groups. Percentage time spent in 
each quadrant is a useful tool to establish a subject’s spatial 
memory retention. 


. This test is sensitive to the effects of sex (66). 


3.2. NINL 
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Fig. 4.4. An example of a learning curve on Memory Island using the Total Distance 

Traveled as the outcome measure. In the hidden trials, the distance traveled (measured 

in virtual feet) is the greatest in the first hidden trial and decreases with consecutive 


trials, indicative of learning. Data represented in the graph is from nondemented elderly 
individuals that successfully located the target item in all four hidden trials. 


6. Memory Island has been used to test spatial memory among 
young children to elderly individuals (13, 66, 67) and can 
be used to assess spatial memory across ages. 


7. Although some people might want to “explore” the island, 
time to complete the trial is an outcome measure. As such, 
it is important to emphasize to the subjects that the goal is 
to locate the target items as quickly as possible. 


8. A trial is defined as a “successful trial” if the target is located 
within 2 min. However, with some individuals, especially 
on some of the hidden trials, the target item might not be 
located within the 2-min time frame. Therefore, the percent- 
age of successful trial can be used as an outcome measure. 


9. With a computer-based task, it is feasible to use it in a home 
computer. This will decrease the time in a doctor office and 
might allow the subjects to be assessed at their convenience 
and more frequently. 


l. When administering the NINL task, it is best to use 
nonemotional images. Images that are familiar but do not 
elicit a strong emotional response are the best. 


2. Like Memory Island, NINL task has been successfully used 
for testing of humans 7-95 years (13, 66). 


3. The NINL task can predict dropouts in a longitudinal study 
of healthy nondemented elderly, suggesting the NINL task 
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3.3. Summary and 
Implications for 
Cross-species 
Comparison 


Table 4.2 
Novel Image, Novel Location (NINL) scores in elderly 
participating in a longitudinal study 


Baseline NINL 6 month NINL 18 month NINL 


Non-e4 finishers 18.40 + 0.52 16.82 + 0.56 16.65 + 0.58 


£4 finishers 18.93 + 0.90 19.47 + 0.98 WOMB se My 
Non-e4 dropouts 18.28 + 1.25 16.60 + 1.20 
£4 dropouts 14.2741.28% 13.384 1.42? 


‘Indicates £4 dropouts scored significantly lower on the NINL test (P < 0.05). Data 
represented in the table comes from the same study of nondemented elderly seen in 
Fig. 4.4. 


could be a measure to identify cognitive decline prior to any 
clinical signs (see Table 4.2) (68). 


Virtual reality tasks have proven to be a valuable tool in human 
neuropsychological treatment. Now, virtual reality tasks have 
been developed to assess spatial memory in human and could 
become an added dimension in human neuropsychological test- 
ing. Cross-species comparison between the rodent water maze, 
the rodent Barnes maze, the nonhuman primate Spatial Food- 
port Maze, and the human Memory Island can be made as 
they all use navigation. As the Spatial Foodport Maze and 
Memory Island are implemented into cognitive battery test- 
ing for nonhuman primate and human, respectively, the abil- 
ity to have cross-species comparison for spatial learning and 
memory tasks will increase. Potentially, these tests could pro- 
vide insight into changes in brain function without aberrant brain 
lesions. 

Traditional object recognition tests in human have allowed 
for cross-species comparison. However, the advance of the object 
recognition test described here, with the added novel loca- 
tion dimension, will allow a more specific comparison across 
species. Although a comparable study design has yet to be 
developed in the nonhuman primate, rodent and human stud- 
ies have utilized the comparison across test paradigms. Indeed, 
findings from the human version of the task parallel findings 
from the mouse model (5, 66). Moreover, reproducibility of 
the human NINL test was determined to be as strong as estab- 
lished facial recognition tests. With these new tasks, cross-species 
comparisons will be more widely available and the translational 
capabilities of spatial learning and memory tasks will greatly 
increase. 
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Chapter 5 


Fear Conditioning in Rodents and Humans 


Mohammed R. Milad, Sarah Igoe, and Scott P. Orr 


Abstract 


Fear conditioning is an experimental tool that has been, and continues to be, widely used in the field 
of neuroscience. It is used to understand the neural and psychological bases for fear learning and more 
recently for fear extinction, along with several other phenomena such as reinstatement and spontaneous 
recovery. Like any other experimental paradigm, there are several variants of fear conditioning that are 
employed by investigators. The parameters utilized, such as the type of conditioned stimuli and the 
unconditioned stimuli, vary from one study to another depending on the scientific question being tested. 
In this chapter, we will provide an overall summary of the most commonly used parameters and discuss 
the reasons for changing and/or modifying such parameters. We discuss technical problems that may 
arise when using the fear-conditioning paradigm in both rodents and humans and how best to resolve 
them. 


1. Introduction 


Fear may well be the most important of all human emotions, both 
for its role in human survival as well as its role in psychopathol- 
ogy. To date, there is a very substantial amount of published 
animal and human research that has focused on fear and used 
fear-conditioning procedures to advance our understanding of its 
nature. Fear-conditioning procedures have been, and continue to 
be, commonly used across a variety of different fields, including 
neuroscience, psychology, and psychiatry. The usefulness of these 
procedures is enhanced by the fact that it is relatively easy to train 
rodents in fear-conditioning procedures; fear conditioning can be 
easily implemented in human studies and it provides an animal- 
based model that has helped guide neuroscientists over the past 
several decades to begin exploring the neural circuits that mediate 
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conditioned fear and its extinction. What are the historical roots 
of experimental fear conditioning? 

Fear conditioning is based on the same principles of Classical 
(also known as Pavlovian) Conditioning first described in 1927 
(1). In the early 1900s, Ivan Pavlov, a Russian physiologist, was 
studying the interaction between salivation and the action of the 
stomach. He predicted that reflexes of the autonomic nervous 
system would link them both. Pavlov wanted to know if external 
stimuli would affect the process of salivation. So he rang a bell 
at the same time he gave his dog a bit of food. After a number 
of pairings of the bell with food, the dog would salivate when 
the bell rang, even though no food was present. Pavlov named 
this type of learning conditioning, in which the dog came to asso- 
ciate the sound of the bell with food. He referred to the bell 
as the “conditioned stimulus (CS),” the food as the “uncondi- 
tioned stimulus (US),” and salivation induced by the CS as the 
“conditioned response (CR).” This type of classical conditioning 
came to be known as “Appetitive Conditioning.” The primary 
difference between appetitive conditioning and fear conditioning 
is the type of US that is used to support the conditioning. In the 
case of fear conditioning, a cue such as a light or tone is paired 
with the presentation of an aversive US, such as an electric foot- 
shock. Results of this pairing can produce a range of conditioned 
responses such as freezing, change in blood pressure or heart rate, 
and analgesia in animals, and increased sweat activity (skin con- 
ductance response) and facial muscle tension in humans. Once 
a conditioned response has been established, it can be dimin- 
ished (“extinguished”) by repeatedly presenting the CS without 
the US. 

Fear conditioning has been used as an experimental tool 
for exploring the neurobiological basis of fear learning in many 
species. It has also been used to understand the additional phe- 
nomena associated with fear learning such as extinction, spon- 
taneous recovery, renewal, reinstatement, and extinction of con- 
ditioned fear. Pavlov was the first to demonstrate spontaneous 
recovery. Following extinction of a CR, he allowed some time to 
pass and then rang the bell again without food. Pavlov noted that 
the dog would again salivate at the sound of the bell. Based on 
this observation, Pavlov argued that extinction cannot be regarded 
as an irreparable destruction of the conditioned reflex, due to dis- 
ruption of the respective nervous connections, as evidenced by the 
fact that the extinguished reflexes spontaneously regenerate in course 
of time. Pavlov also observed that following extinction of a CR, 
exposure to the US alone could restore (or reinstate) the condi- 
tioned responses to the CS (1). Reinstatement has been subse- 
quently observed and studied by a number of investigators (e.g., 
2, 3). The process of renewal was demonstrated by Bouton and 
colleagues (4) whereby following extinction of a CR, placing the 
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animal in a context different from that in which extinction took 
place renewed the CR to the CS. 

In this chapter, we provide an overview of how fear- 
conditioning procedures have been implemented in rodent stud- 
ies. We will describe the different indices of fear and how such 
are measured. We will then describe how some of these tools 
have been translated to fear-conditioning experiments in humans. 
More recent modifications to fear-conditioning procedures have 
been implemented so that it can be used in conjunction with neu- 
roimaging in order to examine the neural circuits of fear learning 
and extinction in the human brain. These modifications will also 
be summarized in this chapter. 


2. Materials and 
Methods 


2.1. Fear 
Conditioning 
in Rodents 


2.1.1. Conditioned and 
Unconditioned Stimuli 


2.1.2. Measuring 
Conditioned Responding 


The duration of the conditioned stimulus presentation varies from 
one study to the other, ranging from 2 to 30 s (5-8). Commonly 
used CSs are auditory tones in the 2-10 kHz range (9, 10) with 
an intensity of about 80 dB (10-12). For auditory-conditioning 
paradigms, LED indicator lights that are invisible to the animals 
are typically mounted within the chambers. These serve to indi- 
cate tone presentations on video recordings without audio tracks. 
The most commonly used US is a mild electric shock that may 
vary in intensity from 0.4 to 2 mA (13-15) with durations that 
typically range from 0.5 to 2 s (15-19). 


Conditioned fear responding in rodents can be measured by sev- 
eral physiological indicators. Aside from fear-potentiated startle, 
fear can manifest itself in terms of an increased release of stress 
hormones, increased heart rate, increased arterial blood pressure, 
and hypoalgesia (decreased sensitivity to painful stimuli) (9). 
There are two customary methods used to measure condi- 
tioned responding that do not require physiological monitoring, 
both of which are widely used in cued and contextual fear condi- 
tioning. Both freezing and bar-press suppression have become stan- 
dard practice and are heavily relied upon in rodent studies (20, 
21). Freezing is defined as the absence of all movements except 
respiration and is a well-documented behavior associated with fear 
expression. Methods for examining and recording freezing behav- 
ior will be discussed in detail later in the chapter. Bar-press sup- 
pression is the decrease in learned food-seeking behavior. Further 


114 


Milad et al. 


discussion of the rationale behind including operant conditioning 
in fear behavior paradigms will also appear later in the chapter. 
There are three general types of fear-conditioning models: 
cued fear conditioning, contextual fear conditioning, and fear- 
potentiated startle. There are several variations with respect to the 
implementation of fear conditioning in rodents. We will describe 
the most commonly used methods for each of these types of fear 
conditioning. 
1. Cued Fear Conditioning 
As noted above, the majority of cued fear-conditioning stud- 
ies use an auditory cue for the CS, such as a 10-kHz 
tone, although visual cues such as lights have been used 
(22). Most studies use an electric shock for the US, the 
intensity of which varies among studies. In general, fear- 
conditioning experiments are conducted in Plexiglas cham- 
bers inside sound-attenuated boxes. These chambers typi- 
cally contain a single overhead house light, video camera, 
and a speaker mounted on the wall through which tone pre- 
sentations are delivered. The video camera is used to record 
the animal’s behavior throughout the experiment, and the 
behavioral outcome (such as freezing) is later scored offline. 
The floors of these chambers consist of stainless steel bars 
capable of delivering a mild electric shock (Fig. 5.1). 
Fear-conditioning studies typically take place over the 
course of 2 or 3 consecutive days and many involve 


Habituation Conditioning Testing 
(Day 1) (Day 2) (Day 3) 


No CS, no US cs m~~ cs ~—_. 
Ji 
US NoUS 


% Freezing 
% Freezing 
% Freezing 


Trials Trials Trials 


Fig. 5.1. Schematic illustration of the fear-conditioning chamber and the different 
experimental phases during delayed auditory fear conditioning. Note that pairing the 
conditioned stimulus (CS) with the unconditioned stimulus (US) results in gradual 
increase of freezing during the conditioning phase which can be observed 24 h later 
during a test phase. 


Fear Conditioning in Rodents and Humans 115 


follow-up tests after a predetermined amount of time has 
elapsed. They often begin with a habituation phase dur- 
ing which the CS is presented without the US in order to 
exclude the novelty element of the cue and to alleviate any 
potential fear-inducing qualities intrinsic to the tone itself. 
The conditioning or acquisition phase, in which the CS- 
US pairings are presented, follows. The number of paired 
presentations varies depending on the desired strength of 
the CS—US association — some studies will present the pair- 
ing only once or twice, others will present it as many as 
75 times (9). Various tactics can be used to establish an 
especially reliable or enduring CR, the most common of 
which is simply increasing the number of paired presenta- 
tions. Other methods include increasing the intensity of the 
US or implementing the conditioning phase on 2 consecu- 
tive days instead of 1 (10). The amount of time between CS 
presentations is referred to as the imter-trial interval or ITI 
and is either fixed at a certain number of seconds, or set to 
be variable throughout the session according to a predeter- 
mined minimum, maximum, and average time. Figure 5.2 
summarizes the three experimental phases of this type of 
conditioning. 

Trace versus delay fear conditioning. Two variations of 
cued conditioning are commonly used. The previously men- 
tioned technique, in which the US co-terminates with 
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Fig. 5.2. Schematic illustration of expected behavior of animals undergoing the different 
phases of fear conditioning, including extinction phase (in which the CS is repeatedly 
presented in the absence of the US). If extinction training is not to take place, then fear to 
that CS will remain high during test. The difference in fear responses to the extinguished 
CS and the unextinguished CS could be referred to as the extinction memory. 
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Delay Conditioning 


cs — — 
US g 


Trace Conditioning 


cs 
e i 


Fig. 5.3. Schematic illustration of delayed versus trace fear conditioning. In delayed 
fear conditioning, the US presentation co-terminates with that of the CS. In trace con- 
ditioning, the US presentation occurs seconds after the offset of the CS presentation. 


the CS (i.e., the shock is delivered precisely as the CS 
ends) is referred to as delay conditioning (see Fig. 5.3). 
Trace conditioning occurs when both a CS and a US are pre- 
sented repeatedly throughout a session, but not at the same 
time (Fig. 5.3). Exact timing varies depending on the ITI, 
but in trace conditioning the US usually occurs about 10-20 
s after the end of the CS presentation (23). Under normal 
circumstances, CR to the cue is stronger in delay condition- 
ing than in trace conditioning, as the CS—US pairing is more 
closely linked in time. Trace conditioning requires the acti- 
vation of the hippocampus whereas delay conditioning pre- 
dominantly activates the amygdala. Thus the choice of using 
one paradigm over the other will depend on the scientific 
question being addressed. 

To summarize the above-mentioned parameters, in a 
typical fear-conditioning experiment, seven presentations of 
30-s tones (10 kHz) are presented with an intensity of 80 
dB. Each of these tones is followed by 0.6 mA electric shock 
delivered to the grid floor. This phase is typically referred to 
as the “conditioning” phase or the “fear acquisition” phase. 


. Contextual Fear Conditioning 


A noteworthy confound of cued conditioning is the fact that 
the fear observed during the testing phase is not entirely 
attributable to the presence of the CS. During cue condi- 
tioning, the animal forms an association between the CS 
and the US. However, it has also been repeatedly demon- 
strated that an association is formed between contextual cues 
and the US, and that this association serves as a basis for 
some of the fear behavior (23-25). The concept of “con- 
text” incorporates a range of sensory stimuli related to the 
circumstances under which conditioning occurs, including 
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visual appearance, tactile cues, background noise, scent, and 
time of day. Experimenters have relied on a variety of creative 
methods to establish discernible contexts that animals will 
identify as different from one another. Contextual variations 
may include switching the metal grid floor for a solid one, 
spraying scented oils like peppermint or vanilla, playing tapes 
of static or other white noise, and using flashing or colored 
lights. 

A commonly used method for studying contextual fear 
conditioning is quite similar to that used for cued condition- 
ing. A rat is placed in a novel environment and allowed to 
explore for a short time, usually about 3 min and no less 
than 1 min. It has been documented that successful context 
conditioning requires that the rodent is placed in the con- 
ditioning context and allowed to explore the context for at 
least 60 s between placement in the chamber and adminis- 
tration of shock (26). After this time, the aversive stimulus is 
presented. It is typically brief (0.5-2 s), mild (0.3-1.5 mA), 
and infrequent (one to four shocks) (27). As with cued con- 
ditioning, freezing is monitored following the administra- 
tion of the US for 30-90 s (28). After the passage of some 
amount of time, extinction training and/or administration 
of pharmacological agents, animals undergo a test phase 
which, similar to cued fear conditioning, commonly uses 
freezing behavior as the measure of fear. However, unlike 
cued conditioning the behavioral monitoring begins imme- 
diately after the animal is placed in the cage and not after the 
presentation of a previously conditioned stimulus. In short, 
in contextual conditioning, the entire environment functions 
as the CS. 


. Fear-Potentiated Startle 

As an alternative to directly measuring conditioned respond- 
ing to specific cues or contexts, fear-potentiated startle has 
been established as an equally reliable method of monitoring 
conditioned fear in animals. It is based on the notion that the 
natural startle reflex is augmented by a fearful stimulus. The 
paradigm begins with a matching procedure, during which 
rats are presented with several (10-30) loud tones of vary- 
ing intensities inside a cage specifically designed to measure 
movement using an accelerometer (29). The mean startle 
response amplitude is used to divide the animals into groups 
with similar baseline levels of sensitivity. One to 3 days later, 
animals undergo a training session inside a chamber capable 
of delivering a CS—US pairing, normally a tone (but some- 
times a light) and shock (29, 30). After about 5 min of accli- 
mation to this chamber, the CS and US will be repeatedly 
paired to establish an association. As in cued conditioning, 
the CS may co-terminate with the US precisely or the US 
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2.2. Fear 
Conditioning 
in Humans 


2.2.1. Early Conditioning 
Studies 


2.2.2. The CS, US, 
and Reinforcement 
Schedules 


may occur after several seconds. Similarly, the typical range 
of shock intensity, ITI, noise level, and number of trials fall 
in the same range as for cued conditioning. 

Following experimental manipulations (extinction trials, time 
lapse, surgery, drug administration, etc.), the animals are returned 
to the startle testing apparatus for the testing phase. This can 
occur | day after training, or even up to a month later, depending 
on the conditions of the experiment. In this phase, animals are 
presented with about 60 “startle stimuli,” typically loud bursts 
of white noise. When a light is used as the CS during training, 
a pure tone can be used as the startle stimulus (31, 32). Half 
of the startle stimuli are presented alone and half are presented 
in concert with the CS. The theory behind fear-potentiated star- 
tle is that when a strong association has formed between the CS 
and US during training, the presence of the CS will produce fear 
and the animal will exhibit a heightened startle response when 
the startle stimulus is paired with this CS, compared to when the 
startle stimulus is presented alone. A larger discrepancy between 
CS-noise versus noise-alone reflects greater conditioned fear (33, 
34). Like cued conditioning, fear-potentiated startle can be used 
to measure spontaneous recovery and reinstatement. However, 
renewal tends to be more difficult to establish because the shocks 
are administered in a different setting than the startle testing app- 
aratus. 


As with cued conditioning in animal studies, human fear con- 
ditioning seeks to develop an association between a CS and an 
aversive US. For example, in an early study of conditioning to 
social cues investigators used slides of photographs of human 
facial expressions as CSs and a mild shock to the fingers as the US. 
Not surprisingly, it was found that stronger conditioning occurred 
when the reinforced conditioned stimulus was a picture of a fear- 
ful face than when it was a happy face (35). (Further discussion 
of reinforced and non-reinforced conditioned stimuli follows in 
the next section.) The focus of a considerable amount of the early 
human conditioning research was directed toward understanding 
the influence of biological preparedness (35, 36) in the acquisi- 
tion and extinction of conditioned fear responses. Consequently, 
many early studies used fearful or angry faces as CSs because they 
conditioned quickly and without subjecting participants to a large 
number of, or high intensity, US presentations to achieve a mea- 
surable level of fear acquisition (37—39). 


Recent studies of human conditioning have trended toward using 
experimental protocols that more closely follow those established 
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in the animal literature. Commonly, studies use a short (about half 
a second), mild shock delivered by electrodes to two fingers on 
the subject’s dominant hand (the non-dominant hand is used for 
recording physiological measures) (40-42). Other studies deliver 
the aversive shock to the wrist or ankle of the participant (43). 
Because of the ethical considerations surrounding shock delivery 
in human subjects, participants typically predetermine the level of 
shock to be used as “highly annoying but not painful” (44, 45). 
Therefore, human fear conditioning in its simplest form involves 
the association of a CS (normally a colored picture of a geometric 
shape such as a square or circle) and a mild shock. For example, 
participants will be seated in front of a computer monitor pro- 
grammed to display a red circle (the image is typically displayed 
for about 8-12 s) (46, 47). If the shock is always delivered after 
presentation of this cue, the subject will quickly learn that it pre- 
dicts the shock and will demonstrate a conditioned response (e.g., 
a change in sweat activity) when it appears. 


In addition to the CS that is paired with the US, many studies 
of human conditioning use a second stimulus, such as a blue cir- 
cle, which is ever paired with the US. This type of conditioning is 
known as differential conditioning and rarely has been used in ani- 
mal studies. In differential conditioning, the CS that is not paired 
with the US (e.g., a yellow square) is referred to as the CS— and 
the CS that is paired with the US (e.g., a blue circle) is referred 
to as the CS+ (see Fig. 5.4). A typical differential conditioning 
study might involve several, initial exposures to both the CS+ 


sf 


n |] 
~ EA 

Fig. 5.4. Schematic illustration of stimuli typically used in human fear conditioning. This 

type of paradigm is known as differential conditioning, in which two CSs are used: one 

followed by the US (CS+, dark square in this example), and the other is not followed 

by the US (CS—, light square). Extinction training in this paradigm involves repeated 

presentation of both the CS+ and CS— in the absence of the US presentation. 
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2.2.4. The Index of CR 
in Humans 


and the CS— (perhaps 4-5 times each) in random order and with 
no shocks administered. This “habituation” phase reduces ori- 
enting responding and establishes physiological baselines. During 
the “conditioning” phase, the CS+ and CS— might be presented 
5-10 times each with the US being administered immediately fol- 
lowing CS+ offset. As with animal conditioning, the duration of 
time between cues is set to vary around a predetermined aver- 
age, with an overall range of about 12—25s for studies using skin 
conductance change as the measure of fear (48, 49). 

Other types of unconditioned stimuli have also been 
employed in human conditioning studies. For example, some 
studies have used aversive noises rather than mild shocks (50, 51). 
The study designs are similar to those described, commonly using 
simple visual images as the conditioned stimuli. However, during 
the fear acquisition phase, a burst of 90-100 dB of white noise 
will be delivered through headphones for 0.5—2s as the US (52, 
53). Studies that include a CS— may pair the CS— with a non- 
aversive tone (50-70 dB) with the same duration as the aversive 
US. Other studies have used small blasts of air directed at the par- 
ticipant’s throat as the US (54-56). This is accomplished by con- 
necting a compressed air tank to plastic tubing with a solenoid 
valve set up so as to deliver puffs of air for about 100-250 ms, 
typically at an intensity of about 140 psi (55). 


Since the 1960s electrodermal measures, e.g., skin resistance, skin 
potential, and skin conductance, have been the most popular 
indices of aversive conditioning in humans. Over the years, var- 
ious general terms have been used to refer to electrodermal activ- 
ity, such as galvanic skin response (GSR), psychogalvanic reflex 
(PGR), and electrodermal response (EDR). Currently, skin con- 
ductance is the preferred measure of electrodermal activity. Ohm’s 
Law serves as the underlying principle for measuring skin con- 
ductance. Skin conductance level primarily reflects the amount of 
sweat present in the sweat glands. It is commonly measured from 
the fingers or palm of the hand; glands on the palms of the hands 
(and the soles of the feet) are known to be particularly responsive 
to emotional arousal. An increase in skin conductance is caused 
by sympathetic nervous system activation, which increases secre- 
tion from the eccrine sweat glands. When a human being becomes 
emotionally aroused, he or she produces small amounts of sweat 
that are more electrically conductive than dry skin. Skin conduc- 
tance is measured by attaching two electrodes, separated by about 
14 mm, on the subject’s non-dominant hand. A skin conduc- 
tance coupler then passes a small electrical current at a constant 
voltage (typically, 0.5 V) through electrodes filled with isotonic 
paste. An analog-to-digital converter “digitizes” the voltage out- 
put of the skin conductance coupler, which is then recorded and 
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translated into a numeric measure of skin conductance level by a 
computer program. A change in skin conductance level can then 
be calculated so as to provide a measure of the magnitude of the 
skin conductance response to a given stimulus. For example, one 
might calculate the average skin conductance level during the 1-s 
interval prior to onset of a CS and subtract this value from the 
peak skin conductance level during the CS interval. This change 
score would provide a measure of skin conductance response to 
the CS presentation. For an excellent overview and discussion of 
the electrodermal system and assessment of electrodermal activ- 
ity, the reader is referred to Dawson et al. (57). In addition to 
skin conductance, some investigators record other physiological 
indices such as heart rate and facial electromyogram (EMG) of the 
corrugator muscle, a small muscle at the medial end of the eye- 
brow that is associated with furrowing of the eyebrows or frown- 
ing. 

The human startle response is commonly measured from eye- 
blink-related activity using electromyography (EMG) of the right 
orbicularis oculi (e.g., 55, 58), the muscle that controls closing 
of the eyelids. To do so, Ag/AgCl electrodes filled with elec- 
trolyte gel are positioned about 1 cm under the pupil and 1 cm 
below the lateral canthus (the corner of the eye where the upper 
and lower lids meet). A reference electrode is then placed on the 
upper forehead, on the participant’s arm, or behind one ear over 
the jawbone. EMG activity is amplified and recorded using hard- 
ware and computer software specifically designed to sample EMG 
activity at 1,000 Hz beginning at startle stimulus onset (or just 
prior to) and ending a few hundred milliseconds after stimulus 
onset. 

Several studies have used heart rate (HR) as a measure of 
conditioned responding (e.g., 44). This can be done by electro- 
cardiogram (ECG or EKG), which measures electrical impulses 
associated with contraction of the myocardial muscles of the 
heart. The ECG is easily measured using surface electrodes placed 
on particular areas of the body (e.g., chest, arms, legs). ECG out- 
put appears in the form of a voltage between electrode pairs. The 
amount of time between heart beats, recorded in milliseconds 
between successive R wave components of the ECG, can be con- 
verted to a measure of heart rate. Some studies have monitored 
blood pressure during conditioning paradigms (59-61). Blood 
pressure is monitored using a sphygmomanometer, or blood pres- 
sure monitor, which displays pressure in terms of mmHg, or mil- 
limeters of mercury, based on the original devices that used the 
height of a column of mercury to deduce circulating pressure. 
Whereas skin conductance, EMG, and heart rate measurements 
can be continuously and unobtrusively obtained, the need to 
inflate and deflate a blood pressure cuff makes blood pressure a 
more intrusive and difficult measure. 
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3. Notes 


3.1. Freezing 
Measurements 


This chapter is intended to introduce the reader to methodolo- 
gies used in rodent and human experiments that target various 
aspects of fear conditioning. Though the principles are similar, 
choices regarding the type, duration, and number of CSs and USs 
vary substantially across studies. In addition, the number of days 
and the implementation of additional test phases (e.g., extinc- 
tion, retention, or renewal) vary depending on the scientific ques- 
tion(s) being addressed. In this section of the chapter, we discuss 
some additional and important considerations regarding the many 
variants of the classical fear-conditioning paradigm. 


In the early years of fear-conditioning research, freezing behav- 
ior was always scored manually. Manual scoring is a procedure 
whereby the entire experimental session is videotaped; the inves- 
tigator later reviews the tape and meticulously scores freezing 
behavior with a stopwatch. The number of seconds the animal 
spends motionless will be recorded, usually as a percentage score. 
For context conditioning, the percentage would be referenced to 
the total time spent in the chamber (~3 min); for cued condition- 
ing, it would be referenced to the duration of the cue. Often, if 
the cue is a tone, a light will be set up that is invisible to the ani- 
mal, but serves to indicate the presence of the CS to the scorer. As 
previously mentioned, investigators using cued conditioning may 
also record freezing before the onset of the CS to confirm that 
the behavior is, at least in part, associative in nature. 

Manual scoring requires a considerable amount of time and 
relies on subjective judgments of the experimenter. To address 
these issues, some labs will randomly select a subset of sessions 
and have a different researcher re-score them in order to cor- 
roborate the values. Some labs will require that two different 
researchers score every session and use the average of the raters’ 
scores. Although the methods of managing human error may 
vary among labs, comparisons within each lab will not be tainted 
as long as the scoring methods remain consistent over time. An 
additional limitation of manual scoring arises from experimenter 
bias, a tendency (usually subconscious or unintentional) to score 
or make judgments that favor an expected or hoped for result. 
Researchers attempt to control this bias by conducting blind 
experiments, in which the individual doing the scoring is not 
informed as to the experimental condition of the animals. The 
scorer is thereby unable to form a specific prediction regarding 
the expected behavior for a particular animal. 

In recent years, computer software has been developed to 
score freezing automatically. As with manual scoring, the session 


3.2. Floor and Ceiling 
Effects 
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is recorded and incorporates an indicator light, invisible to the 
animal, for signaling CS onset during cued conditioning. Motion- 
sensing software is then able to calculate how much time the ani- 
mal spends completely still during the cue or session. An impor- 
tant drawback to this approach is that not all absence of motion is 
attributable to fear behavior, especially when operant condition- 
ing is not used in conjunction with fear conditioning. It can be 
argued that human input is necessary to discriminate true freezing 
from incidental pauses in movement. However, introducing these 
subjective determinations is done at the expense of increasing 
variability between scorers. In general, automated scoring pro- 
grams are becoming more popular in labs that study fear condi- 
tioning because they remove the elements of human error and 
experimenter bias and are much more time-efficient. 


As explained above, freezing scores during cued conditioning are 
often recorded as a percentage of the overall presentation time 
for the CS. For example, if an animal freezes for 24s during a 
30-s long tone presentation, it is said to exhibit 80% freezing for 
that trial. However, if the animals are consistently freezing for the 
entire duration of the cue (100% freezing for each trial), there 
is the risk of ceiling effects. Ceiling effects occur when variations 
in freezing time predominantly occur at time points beyond the 
CS presentation, thereby rendering such trials as unscorable by 
traditional methods. For example, if after conditioning an animal 
freezes for 45s following the onset of a 30-s CS, this will be scored 
as 100% freezing because it was motionless for the entire duration 
of the cue (and longer). If a subsequent extinction procedure or 
drug manipulation reduces the animal’s freeze time to 30 s, a 
33% reduction, it will again be scored as 100% freezing and it will 
appear as though the intervention had no effect whatsoever. 

Floor effects, on the other hand, tend to occur at the end 
of extinction trials or after a pharmaceutical manipulation that 
reduces fear behavior nearly to zero. In such cases, it is difficult or 
impossible to decipher the relative effects of two different exper- 
imental conditions, because both groups repeatedly display little 
or no freezing and are therefore said to have reached the “floor” 
level of fear behavior. Ceiling and floor effects can typically be 
avoided by selecting the proper conditioning paradigm and con- 
ditioning parameters, as outlined in this chapter and as is well 
documented in the conditioning literature. For example, ceiling 
effects might be the result of “over conditioning,” which could be 
corrected by reducing the frequency or intensity of the US. Alter- 
natively, floor effects might be alleviated by reducing the number 
of extinction trials. 


In some studies it is important to control for or measure the por- 
tion of the fear response that may be attributable to conditioning 


124 Milad et al. 


3.3.1. Post-conditioning 
Tests 


to contextual cues. This can be done by scoring fear behavior as 
a difference, rather than an absolute value. In other words, fear 
can be measured before the CS, i.e., when only the context is 
present, and after the CS presentation during the testing phase; 
a difference is then calculated that essentially removes the influ- 
ence of fear associated with the context. Another way to control 
or measure the effects of context is to perform conditioning in 
one context and then test animals in either the same context or a 
novel one. If those tested in the novel environment express less- 
conditioned responding than those tested in the original environ- 
ment, contextual conditioning is thought to be represented by 
difference between those groups. 

The role of contextual stimuli on conditioned fear remains 
unclear. Several studies have found that testing in a context dif- 
ferent from the one in which conditioning occurred causes very 
little, if any, disruption of conditioned responding (4, 62-64). 
In fact, one study found that the switch to a new context actu- 
ally enhanced, rather than inhibited, conditioned responding to 
the CS (65). For this reason, there is little agreement as to how 
context should be regarded. On one hand, the Rescorla-Wagner 
model treats it merely as a second CS that is presented in con- 
cert with the intended CS (25). On the other hand, it has been 
suggested that contexts carry information about the relationships 
between events (1.e., CS—US pairings) that occur within them, but 
do not hold specific associations themselves. 


The conditioned responses that are triggered by a CS-US asso- 
ciation can be diminished after repeated presentations of the 
CS in the absence of the US, a process known as extinction. 
Following conditioning, either the same day or the following 
day, fear extinction is produced by means of systematic presenta- 
tions of the CS without the US, which gradually extinguishes the 
CR. While the amount of time between conditioning and extinc- 
tion has not been standardized, long-term extinction memory is 
thought to develop only when extinction training occurs at least 
6 h after conditioning (66). The number of extinction trials can 
vary greatly between studies. Sometimes there are fewer extinc- 
tion trials than conditioning trials (9) and other times (6) the 
number of extinction trials exceeds that for conditioning. Con- 
textual fear can be extinguished simply by repeatedly returning 
the animal to the chamber in the absence of shock. Typically, an 
extinction session will occur over about the same amount of time 
as the conditioning session (~3 min) and must be repeated over a 
number of days in order for there to be an enduring reduction in 
fear behavior. As noted previously, there are several different fear 
memory-related phenomena that can be tested. The simplest test 
phase would involve a single CS or startle presentation following 
extinction, surgery, drug administration, or other experimental 
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manipulations specific to a given study. Depending on the goal 
and limitations of the study, testing could occur as soon as an 
hour or as long as a month after conditioning/extinction. 

Spontaneous recovery is the return of a previously extinguished 
CR that requires no experimental procedure aside from the pas- 
sage of time. Reinstatement typically involves one to three US 
presentations and is tested the following day by presenting the 
previously extinguished CS (67). Renewal is tested when the 
CS-—US pairings occur in one context and the CS is subsequently 
extinguished, i.e., presented alone, in another context. Returning 
the animal to the original context during testing will produce a 
renewed fear response. Renewal can also be observed when the 
animal is tested in a third, neutral context (3). 


In some fear-conditioning experiments, researchers will also 
include an operant conditioning procedure, whereby animals are 
trained to press a metal bar for a food reward repeatedly dur- 
ing the conditioning procedure. In order to establish a consistent 
motivation for a food reward, animals are fed systematically by 
investigators such that they are kept at about 80% of their orig- 
inal body weight. The classic approach is based on the method 
of successive approximations first demonstrated with pigeons by 
B.F. Skinner in 1937. Also referred to as “auto-shaping,” this 
method is executed by first manually delivering a food reward 
whenever the animal walks in the vicinity of the metal bar. As 
Skinner describes in The Behavior of Organisms, the investiga- 
tor will subsequently deliver reward for “each of the following 
steps in succession: approaching the site of the lever, lifting the 
nose in the air toward the lever, lifting the fore-part of the body 
into the air, touching the lever with the feet, and pressing the 
lever downward.” (68). Throughout this process the rat gradually 
learns which actions will produce a reward, thereby increasing the 
frequency of these actions and demonstrating operant condition- 
ing. After about 10 days of training, most rats will reach a level 
at which they press the bar very consistently even when pellets 
are not delivered after each press. Rather, pellets are delivered at 
a rate predetermined by a computer program to vary at an inter- 
val of about 60 s. Most investigators will exclude rats from their 
experiments that do not meet this standard. Alternative training 
methods have been proposed. One such method involves shin- 
ing a photocell beam onto the Plexiglass bar and delivering the 
reward when the animal interrupts the light beam with its body 
(69). Though some methods have claimed to expedite the learn- 
ing process, most studies continue to rely on Skinner’s classic 
method. 


There are two important reasons as to why an investigator might 
decide to train rats to press a bar for food while undergoing fear 
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3.6. Fear 
Conditioning in 
Humans 


conditioning. First, this approach allows bar-press suppression to 
be used as a measure of fear, in addition to the classical measure 
of fear, freezing. Press-rate suppression has the benefit of provid- 
ing a relative measure of fear. In other words, because the ratio 
is calculated by comparing conditions before and after the onset 
of the conditioned stimulus, a stronger argument can be made 
that changes in behavior result from the CS onset. Secondly, bar- 
pressing behavior serves to provide a consistent level of locomo- 
tion during the experiment, against which freezing can be mea- 
sured. If the rodent does not have incentive to move about the 
chamber, it is more difficult to attribute a lack of motion as rep- 
resenting fear-induced freezing. This is not likely to be a problem 
for studies only examining the conditioning phase (fear learning). 
However, if the experiment will include additional training ses- 
sions that examine fear extinction, bar-press training may be use- 
ful. Extinction training requires many CS trials (15-20 trials) in 
the absence of the US and if the duration of the inter-trial inter- 
val is long, the animals may fall asleep. Implementing bar-press 
training protects against the possibility that the animal might fall 
asleep. However, including bar-press training carries the disadvan- 
tage of introducing the possibility that motivation for reward may 
compete with the fear-circuitry behavior. This makes it challeng- 
ing to compare results from studies that include bar-press training 
with those that do not. 


While the US always follows the CS presentation in rodents, this 
is not necessarily the case in human studies (70-72). Reinforce- 
ment schedules may be either continuous, whereby the US follows 
each CS+ presentation, or partial (or intermittent), whereby only 
some CS+ presentations are paired with the US. When partial 
reinforcement is used, the participant learns that a shock never 
will be received following the CS—. However, there is less cer- 
tainty associated with the CS+ as to whether or not a shock will 
occur. In other words, the CS+ will always be present before 
every US administration, but a US does not necessarily follow 
the CS+. The introduction of the uncertainty component makes 
partial reinforcement more resistant to extinction than continu- 
ous reinforcement, even though continuous reinforcement might 
involve a greater number of CS—US pairings overall. The US pre- 
sentations can be administered on a fixed or random schedule. A 
fixed schedule would mean a predetermined ratio; for example, 
a US presentation for every third CS+ presentation. With partial 
reinforcement, random schedules produce conditioned responses 
that are more resistant to extinction than fixed schedules. 
Recently, some studies have begun to use more sophisticated 
conditioned stimuli in order to investigate the role of context in 
fear conditioning. Instead of simply displaying blue or red circles 
as CSs, a study might use images of more detailed environments. 
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For example, a cue that is to serve as the CS, such as a colored 
lamp, might be depicted inside one of two different contexts such 
as a living room or a study (40, 73, 74). The acquisition ses- 
sion might then show pictures of the lamp depicted in the living 
room context and present the US when the lamp is lit (CS+) 
but not when the lamp is unlit (CS—). Extinction of the CR 
would be accomplished by presenting the same pictures of lit and 
unlit lamps in the living room context without the US. Renewal 
effects could be examined by depicting the same lit and unlit 
lamps within a different context, i.e., the study. This procedure 
attempts to simulate animal conditioning models whereby acqui- 
sition, extinction, and renewal sessions are actually performed in 
different environments. 


Virtual reality offers a new technology that is proving espe- 
cially useful in treating clinical disorders that stem from con- 
ditioned fears. Effective methods for treating fear-related disor- 
ders in humans include exposure therapy and systematic desensi- 
tization. Often used to treat phobias, exposure therapy involves 
direct, often intense, repeated exposures to the stimulus which is 
thought to underlie the patient’s fear. Historically, many studies in 
both humans and animals have used extinction sessions as a model 
for the processes involved in exposure therapy. More recently, 
some investigators have explored virtual reality as a way to realis- 
tically expose patients to their fear object or situation while main- 
taining control over the exposure process. For example, it has 
been found that patients suffering from acrophobia, or an extreme 
fear of heights, experience more anxiety when they are in a virtual 
reality environment that simulates movement in high places than 
if they were simply shown pictures of views from tall buildings 
(75). For this reason, virtual reality exposure therapy, or VRET, 
is seen as a viable alternative to exposure therapy because it can 
elicit fear and anxiety, therefore serving as a sound model for in 
vivo exposure to the object of one’s phobia. Based on the fact that 
it occurs in the safety of a lab or therapy environment, it is often 
used as an intermediate step before live exposure, or as a substi- 
tute to imaginational exposure (76). Since the advent of VRET in 
1996, most studies on acrophobia treatment have focused solely 
on the potential of this method (75). 

Even more recently, researchers have begun to explore the 
use of VRET for the treatment of post-traumatic stress disorder 
(PTSD) and for active duty soldiers. System designers will cre- 
ate environments that seek to closely mimic those experienced by 
soldiers in combat. In one particular study, for example, soldiers 
with PTSD symptoms attended six 90-min sessions in either a 
convoy scenario or one made to look like a dismounted patrol 
in an Iraqi city (77). While undoubtedly less convenient than its 
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older counterparts, VRET remains a promising new development 
in the treatment of PTSD, anxiety disorders, and specific phobias. 


There are several approaches that have been used to measure SCR 
in humans. SCR is a relatively slow response that can be observed 
l-3s after the onset of the CS. As such, investigators have used 
approaches in which the duration of the CS is divided into first 
interval response (FIR, first few seconds of the CS) and second 
interval response (SIR, the last few seconds of the CS). The FIR is 
generally viewed as an orienting response and not necessarily as a 
reflection of a conditioned response. As such, investigators using 
this approach typically focus on the SIR phase of the SCR. We 
have used a different approach that has also been well validated 
(40, 44). That is to subtract the skin conductance values prior to 
the presentation of the CS (usually the average of the last 2s prior 
to CS presentation) from the peak SCR during the CS presenta- 
tion (the peak could be obtained at any point in time during the 
CS presentation). The advantage of this approach is any differ- 
ences in skin conductance levels (SCL) between subjects could be 
cancelled out (or accounted for). Importantly, it has been recently 
shown that the subtraction method looking at the peak response 
of SCR is as effective as dividing the CS interval into FIR and SIR 
phases (80). 


With the recent advancement of neuroimaging tools, investiga- 
tors have already began to take advantage of neuroimaging to 
study the neural circuits of fear conditioning in the human brain, 
both in healthy humans and in populations with psychopathology 
(43, 78, 79). There were several concerns that were raised at the 
early stages that are now resolved. One of the major challenges is 
to conduct the conditioning protocol (delivery of electric shock 
and measuring SCR) in the scanner without any harm to the par- 
ticipants. The second major concern is that of noise artifact: noise 
that can be injected from the scanner onto the SCR data being 
recorded and noise being injected from the cables and electrodes 
attached to the subjects into the MRI images. All of the above 
issues and concerns have been resolved as there have been a num- 
ber of published studies that conducted fear conditioning while 
acquiring fMRI data. The solutions included the use of MRI-safe 
electrodes that contain no magnetic material or metals such as 
iron. All cables that are passed into the scanner room are shielded 
to both protect the SCR data acquisition from scanner noise and 
vice versa. In addition, the cables carrying the electric shock into 
the scanner room and cables carrying SCR data can be passed 
through a batch board onto which radio frequency (rf) filters can 
be connected to. The rf filter will be able to remove most of elec- 
trical noise being carried into the {MRI environment. Employing 
all of the above has allowed investigators to successfully combine 
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imaging tools with classic fear-conditioning paradigms that have 
recently provided us with valuable data to help translate what has 
been learned from the rodent brain into the human brain. 


4. Summary 


References 


In this chapter, we provided a broad overview on the method- 
ology and implementation of fear conditioning in rodents and 
in humans. As can be noted in this chapter, there are various 
ways in which the fear-conditioning paradigm can be carried out, 
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Chapter 6 


Conditioned Place Preference in Rodents and Humans 


Devin Mueller and Harriet de Wit 


Abstract 


Place conditioning is among the most commonly used procedures to assess drug reward in animals. The 
procedure is used to study acquisition of conditioning, extinction, and reinstatement, to compare across 
drugs and doses of drugs, and to examine interactions between drugs and environmental or organismic 
variables. Studies using the procedure have provided a rich source of data regarding contextual condition- 
ing in rodents, and most recently, in humans. Despite its widespread use, the place preference procedure 
has also raised theoretical and practical questions. Some of the questions are related to the procedural 
details and methods used: methodological variations on the procedure can affect the outcome and inter- 
pretation. In this review, we will examine some of the important methodological considerations in place 
conditioning with drugs and discuss how these have bearing on the results and conclusions. First, we 
will discuss what is being measured with place conditioning. Second, we will review the key phases of 
the procedure and methodological variations in the procedure that can influence the outcome. Third, we 
will describe place conditioning in humans and the unique methodological issues that arise in applying 
the procedure to humans. Finally, we will discuss potential limitations and future directions related to 
drug-induced place conditioning. 


1. Introduction 


1.1. What Is Place conditioning procedures are designed to measure the 
Measured in Place rewarding properties of drugs. Because reward is a subjective 
Conditioning? experience, it can only be studied indirectly in non-humans, by 


the behavior that it elicits. Two main approaches have been used 
to assess reward-related behavior. One approach, the one used in 
the place preference procedure, is to measure elicited approach 
and contact responses. This tendency to approach rewarding 
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stimuli is termed incentive salience and it is based on the principles 
of classical conditioning. The second approach, which is used in 
self-administration procedures, assesses the ability of the drugs 
or other stimuli to increase the probability of responses that pre- 
cede them. This is the reinforcing feature of rewards and it is 
based on operant principles of learning. Thus, place conditioning 
assesses reward based on the principles of classical conditioning, 
and it essentially assesses the association between two stimuli, an 
unconditioned stimulus (UCS) consisting of the drug effect and a 
conditioned stimulus (CS) consisting of the environment in which 
the drug is experienced. 

The place conditioning method is based on the observation 
that an animal will approach stimuli that have been previously 
paired with the rewarding effects of a drug. Thus, when an ani- 
mal approaches and maintains contact with an environment where 
it has previously received a drug, then we infer that the drug was 
rewarding. In this situation, the rewarding property of the drug 
serves as a UCS, which is repeatedly paired with a previously neu- 
tral place (i.e., experimental chamber). During the course of con- 
ditioning, the chamber acquires secondary motivational proper- 
ties, becoming the CS that can elicit approach and contact. Dur- 
ing conditioning, animals are usually confined to one chamber of 
a two-chamber apparatus after drug administration and confined 
to the other chamber following a vehicle injection. In some stud- 
ies the two chambers are separated by a central choice area. Dur- 
ing the testing phase, the animals are allowed to explore the entire 
apparatus in a drug-free state, and the amount of time spent in the 
two conditioning chambers is recorded. Animals that spend more 
time in the drug-associated chamber are considered to exhibit a 
“conditioned place preference” (CPP) whereas animals that spend 
more time in the non-drug-associated chamber are considered to 
exhibit a “conditioned place aversion” (CPA). 

Place conditioning was first used to explore the motivational 
effects of radiation on rats, which resulted in a CPA (1). Shortly 
after, Beach published the first report of a drug-induced CPP, 
showing that rats preferred the morphine-paired arm of a Y 
maze (2). Since then, a vast literature has accumulated using the 
place conditioning method (3-5). For example, just within the 
past 10 years, the number of publications based on this pro- 
cedure has tripled (Fig. 6.1). Most drugs that serve as rein- 
forcers (i.e., are self-administered) also induce a CPP, including 
morphine, amphetamine, methylphenidate, nicotine, and cocaine 
(4). Drug-induced CPP has been demonstrated with several 
species, including mice (6), hamsters (7), primates (8), birds (9), 
zebrafish (10), rats (3), and most recently, humans (11). Given 
the very widespread use of this procedure, it is not surprising 
that variations in the procedure have evolved, some of which 
affect the results and interpretation of the findings. Here, we will 
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Fig. 6.1. Number of peer-reviewed articles retrieved from PubMed reporting the use of 
conditioned place preference in the past two decades by year. 


discuss some of the key features of place conditioning procedures, 
including their applications to the study of extinction and rein- 
statement. 


2. Key Phases 
of the Procedure 


2.1. Pre-conditioning 
Test 


2.2. Conditioning 


Most place conditioning studies include a pre-conditioning expo- 
sure and test, in which animals are allowed to explore the appa- 
ratus before any drug administration to reduce the novelty of the 
procedure and to assess pre-existing preferences for the two con- 
ditioning chambers. Because animals sometimes avoid novel envi- 
ronments, a novel environment may mask a potential CPP for a 
drug, including a reliably rewarding drug such as cocaine (12). 
For this reason, animals are usually acclimated to the environ- 
ment before conditioning. During the pre-conditioning test, the 
amount of time an animal spends in the two to-be-conditioned 
chambers is recorded. In most versions of the place conditioning 
procedure, this initial preference is used to evaluate the rewarding 
effects of the drug after conditioning, and in some versions of the 
procedure, this preference is used to assign which chamber is to 
be associated with drug or vehicle (see below). 


The standard procedure for place conditioning with drugs is to 
pair one distinct chamber with a drug injection for one session, 
and pair a second chamber with vehicle in a separate session (see 
Fig. 6.2). The number of pairings used may vary from one to six, 
depending on the drug, the dose, and the route of administra- 
tion (usually intraperitoneal (13)). Although the most common 
number of pairings is four, CPP has been demonstrated with just 
a single pairing with morphine (14), heroin (15), or B-endorphin 
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Fig. 6.2. Example of a place conditioning apparatus. Two distinctly different chambers 
are separated by a neutral center chamber or tunnel. During conditioning, the animal is 
confined to one chamber following a drug injection, and the opposite chamber following 
vehicle injection. At test, the animal is free to explore all three chambers. 


(16). Morphine-induced CPP increases with the number of pair- 
ings, from two to four (17). The most common duration of 
each pairing is 30 min, although this has varied from 4 (18) to 
120 min (19). The duration of the pairings is determined in part 
by the half-life of the drug used for conditioning: drugs with a 
shorter half-life are typically paired with a chamber for a shorter 
period (e.g., cocaine 20-30 min) whereas drugs with a longer 
half-life are paired with a chamber for a longer period (e.g., mor- 
phine 30-120 min). Interestingly, Parker and colleagues (19), 
using a three-choice apparatus to compare preference for mor- 
phine, cocaine, and vehicle, demonstrated that the relative CPP 
for morphine or cocaine-paired chambers depended on the length 
of the conditioning session; rats showed a stronger preference for 
the morphine-paired chamber than the cocaine-paired chamber 
when the pairing durations were 120 min, whereas they preferred 
the cocaine-paired chamber when the pairing durations were only 
15 min. The authors argued that this shift in relative preference 
was the result of the faster onset of action of cocaine, compared 
to morphine. 

Researchers have used two procedures to assign animals to 
the two to-be-conditioned chambers, the “biased” approach and 
the “unbiased” approach. With the “biased” technique, animals 
receive the drug conditioning trials in the least preferred side, 
as determined by the pre-conditioning test. With the “unbi- 
ased” technique, animals are assigned to receive drug or saline 
in either of the two chambers, based on counterbalanced assign- 
ments. There are advantages and disadvantages to each approach. 
The biased approach takes into account pre-existing preferences 
for one chamber over the other, which may confound the 
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interpretation of a shift in preference. That is, the effect of the 
drug may interact with the factors that lead to the initial uncon- 
ditioned preference, or avoidance, of one of the chambers, in 
ways that are not related to reward (e.g., fear reduction). On the 
other hand, with the unbiased procedure, animals spend an equal 
amount of time in the two chambers before conditioning which, 
some have argued, may allow a clearer measure of the rewarding 
properties of a drug (20). Although relatively few studies have 
directly compared the two techniques, the animals’ initial prefer- 
ences have been shown to affect the observed CPP with several 
different drugs. For example, cocaethylene induced a CPP when 
paired with the initially non-preferred side, but not when paired 
with the initially preferred side (21). Similar results were obtained 
with intraperitoneally (IP) administered cocaine (but not intra- 
venous cocaine (12)), subcutaneously administered heroin (22), 
and for IP administered clonidine (23). [Leu]enkephalin, admin- 
istered IP, produced a CPP when it was paired with the initially 
non-preferred chamber, but this drug produced a CPA when 
paired with the initially preferred chamber (6). The magnitude 
of CPP for amphetamine also reportedly depends on the baseline 
preference of the animals (24). These inconsistencies raise some 
concern about the interpretation of the results of the biased pro- 
cedure, and indeed, some researchers now recommend the unbi- 
ased procedure (3, 4). 

Several control conditions have been employed with the place 
preference procedure to ensure that the observed CPP is related 
specifically to the process of conditioning. First, some studies have 
included an explicitly unpaired group that receives the same expo- 
sure to the drug and to the chambers, but the drug and environ- 
ments are not systematically paired. This rules out the possibility 
that any exposure to the drug, or to the environments, affects 
place preference. Although this control is not usually considered 
necessary for most behavioral studies, it is commonly used when 
examining learning-induced changes in neurochemistry and sig- 
naling molecules. For example, in one study, animals that had 
received explicit pairing between drug and environment exhibited 
less ERK2 activity in the frontal association cortex than animals 
that had received the drug in both chambers (25). In another 
study, explicit drug pairings, but not unpaired drug exposure, 
induced a significant increase in Fos/GAD67 co-labeling in the 
prelimbic cortex (26). Another control condition that is some- 
times used is to administer vehicle prior to confinement in both 
chambers. This control is necessary to demonstrate that a CPP 
is dependent on explicit drug pairings rather than simply expo- 
sure to the apparatus and is also necessary when examining signal- 
ing molecules associated with drug-related learning (25). Overall, 
few CPP studies incorporate these control groups, and instead 
rely on a within-subjects design that allows for comparison of 
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2.3. Testing 


2.4, Extinction 


preferences between chambers, rather than between conditioning 
groups. 


After drug conditioning trials are completed, animals are tested 
for preference for the two chambers in the drug-free state. Dur- 
ing the preference test, they are given free access to the entire 
apparatus with all the barriers removed, and the primary outcome 
measure is the amount of time the animal spends in each of the 
two chambers. The most typical duration of this test is 15 min, 
but the times range from 10 to 45 min (13). The duration of the 
test must be sufficient to allow for a preference to emerge, as ani- 
mals’ preference for the drug-paired chamber may increase as the 
test progresses, at least up to 15 min (27). Mueller and Stewart 
(27) noted that a cocaine-induced CPP was not apparent during 
the first 3 min of the test, but emerged after 6 min, and then 
increased in magnitude throughout the 15-min test. 


Place preference procedures are sometimes used to study the 
extinction of drug-associated conditioning. Extinction in Pavlo- 
vian conditioning refers to the decline in the frequency or inten- 
sity of a conditioned response (CR) when the CS is presented 
without the UCS. Thus, extinction of a CPP is measured as a 
decline in the amount of time spent in the chamber previously 
paired with drug administration, to the point that the animal 
shows no preference for one chamber over the other, or reverts to 
its initial, pre-conditioning preference. Some researchers use as a 
criterion for extinction a significant decrease in time spent in the 
drug-paired chamber, whereas others examine time spent in the 
drug-paired chamber among drug-treated versus vehicle-treated 
animals (28), and yet others use a criterion of spending less than 
55% of the total time in the drug-paired chamber on two consec- 
utive days (29). 

Two distinct extinction procedures have been used in the 
CPP paradigm. In one procedure, animals are given repeated CPP 
tests with access to the entire apparatus in the absence of the drug 
until the preference is diminished (see Fig. 6.3). In the other pro- 
cedure, following an initial CPP test, animals receive vehicle in 
both chambers and are confined to each of the chambers in a 
similar manner to conditioning. After pairing each chamber with 
saline across several days, a subsequent CPP test is given to ensure 
that a CPP no longer is observed. Repeated testing results in 
a gradual decline in CPP across days, as shown with a cocaine- 
induced CPP (27, 30-32). Pairing both chambers with the vehicle 
results in the extinction of a CPP, including that induced by mor- 
phine (33), cocaine (27, 32), and ethanol (34). This second pro- 
cedure does not provide information regarding extinction across 
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Fig. 6.3. Extinction-reinstatement procedure. Mean (+ sem) time spent in each of three chambers in which rats (N = 
12) received cocaine (Coc; 10 mg/kg, IP), saline (Sal), or no treatment (middle chamber, Mid). Rats were tested for 
a cocaine-induced CPP, then given extinction training consisting of repeated testing. When a side preference was no 
longer detectable, rats were given an injection of cocaine and tested for a preference. Cocaine induced a significant 
reinstatement of the CPP. Adapted from Mueller and Stewart (27). *p < 0.05. 


2.5. Reinstatement 


days, but rather extinction is evaluated after multiple vehicle trials 
in a single test. 

A drug-induced CPP can persist over time, and extinction 
of the CPP depends upon the number and timing of non-paired 
exposures to the environment. Drug-induced CPPs remain intact 
for long periods of time, in the absence of explicit extinction train- 
ing. For example, a cocaine-induced CPP endured up to 4 weeks 
(27) and a morphine-induced CPP endured for at least 6 weeks 
(33) when there were no intervening experiences in the test envi- 
ronment. In other studies, CPP based on morphine condition- 
ing and CPA based on naloxone remained 1 month following 
the last conditioning trial (17). The intervals between extinction 
trials also influence the rate of extinction of CPP. Animals that 
received repeated preference tests with long inter-test intervals of 
2 weeks maintained robust preferences across the extinction tri- 
als, for both a cocaine-induced (27) and morphine-induced CPPs 
(33). These results suggest that tests given at sufficiently long 
intervals serve as reminders to maintain the significance of the 
drug-related stimuli. Thus, extinction procedures should ensure 
that extinction sessions are massed (i.e., daily), not spaced (1.e., 
weekly or longer), in time. 


Reinstatement refers to the return of a conditioned response after 
extinction, when an animal is exposed to the unconditioned stim- 
ulus. In the CPP paradigm, reinstatement is observed when the 
drug is administered prior to a standard CPP test (27) and is mea- 
sured as an increase in time spent in the previously drug-paired 
chamber (see Fig. 6.3). Other, non-drug stimuli may also lead to 
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reinstatement of a CPP, including exposure to stressors or condi- 
tioned stressors (35, 36). 

Drug-induced reinstatement of a CPP has been demonstrated 
with several drugs and in several species. For example, injections 
of low doses of morphine can reinstate morphine-induced CPP 
after extinction in both rats (33, 37, 38) and mice (29, 39); 
heroin reinstates heroin-induced CPP (40), and cocaine reinstates 
cocaine-induced CPP in rats (27, 36, 41) and mice (42-44), and 
reinstatement has also been reported with amphetamine (28, 45), 
nicotine (46), ethanol (34, 47), and MDMA (48). Typically, the 
dose of drug used to reinstate CPP is lower than (e.g., half) the 
dose used to establish conditioning. This use of a lower dose is 
based on the idea that the reinstatement dose provides the animal 
with a “taste” of the drug while minimizing possible effects of the 
drug on locomotor and exploratory behavior. 

Some studies have also demonstrated drug-induced reinstate- 
ment utilizing a drug other than the drug that was used dur- 
ing conditioning. For example, small doses of either cocaine or 
amphetamine can reinstate a morphine-induced CPP (49, 50), 
and cocaine-induced CPP can be reinstated by methylphenidate, 
methamphetamine, morphine, nicotine, and ethanol (42, 51). 
Finally, morphine and ethanol can also reinstate a nicotine- 
induced CPP after extinction (46, 52). These cross-drug rein- 
statement studies are especially valuable to characterize the gen- 
eralizability of the reinstatement cue. Further, to the extent that 
reinstatement can be considered to be a model for relapse in 
humans (53, 54), the ability of other drugs to reinstate CPP may 
also provide an indication of which drugs pose a risk for relapse 
among abstinent drug users. 

Other studies have shown that acute stress reinstates drug- 
induced CPP. Acute stress is implicated in relapse to drug use 
(55, 56), and it effectively reinstates operant responding for 
self-administered drugs (57). Thus, it is not surprising that 
stress can induce reinstatement of a CPP after extinction. Sev- 
eral stressors have been shown to reinstate morphine-induced 
CPP, including intermittent footshock (58), immobilization (59), 
tail-pinch (59), forced swim (60), conditioned withdrawal in 
morphine-dependent rats (38), and social defeat (59). Similarly, 
cocaine-induced CPP is reinstated by intermittent footshock (61), 
restraint stress (62), forced swim (63), and fear conditioned stim- 
uli (36). Thus, drug-induced CPP can be readily reinstated by 
any of a number of stressful interventions, suggesting that the 
memory of the place conditioning remains robust even after an 
initial period of extinction. A standard rodent place conditioning 


procedure with extinction and reinstatement test is provided in 
Table 6.1. 
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Table 6.1 
Rodent place conditioning procedure with extinction and reinstatement test 


Pre-test (day 1) 
1 Prepare all conditioning boxes with clean floors and drop pans 
2 Weigh each rat/mouse and place into the center chamber of the box. Record activity 


3 After the 15-min pre-test session is complete, remove the rat/mouse from the apparatus and 
return it to its home cage 


4 Determine whether an unconditioned place preference exists. If so, assign the least preferred 
chamber as the drug conditioning chamber (biased procedure). If no preference, assign half of 
rats/mice to one chamber, and half to other in counterbalanced fashion (unbiased procedure). 
Next, assign half of rats/mice to conditioning (CS+ trials) on odd days, and half to even days 

Conditioning (days 2-9) 

5 Twenty-four hours after the pre-test session, initiate the first conditioning session 

6 Prepare conditioning boxes with the appropriate floors 


7 Weigh each rat/mouse and immediately inject IP with drug (if CS+ trial) or vehicle (if CS— 
trial). Place the rat/mouse into the assigned chamber. Record activity during trial (optional) 


8 After the conditioning trial is complete (i.e., 20 min for cocaine, 45 min for morphine), remove 
the rat/mouse from the apparatus and return it to its home cage. These trials will occur at 48-h 
intervals (i.e., on days 2, 4, 6, and 8) 

9) Twenty-four hours later, prepare the boxes with clean floors 


10 Weigh each rat/mouse and immediately inject IP with drug (if CS+ trial) or vehicle (if CS— 
trial). Place the rat/mouse into the appropriate chamber. Record activity during trial (optional) 


11 After the conditioning trial is complete, remove the rat/mouse from the apparatus and return it 
to its home cage. These trials will occur at 48-h intervals (i.e., days 3, 5, 7, and 9) 


Note: We recommend a 2-day break between conditioning and the preference test. We have found 
that this break results in a greater conditioned place preference than if animals are tested the day after 
conditioning is complete 

Preference test (day 12) 


12 Seventy-two hours after the final conditioning session, prepare each conditioning box with clean 
floors 


13 Weigh each rat/mouse and immediately and place into the center of the box. Record test activity 


14 After the preference test is complete, remove the rat/mouse from the apparatus and return it to 
its home cage 


Extinction training (days 13-21) 

15 On days 13-20, either repeat preference test protocol (repeated testing procedure) or repeat 
conditioning protocol with vehicle ONLY in both chambers (vehicle pairing procedure) 

Note: Repeated testing procedure may require additional days 

16 On day 21, repeat preference test protocol 


Reinstatement test (day 22) 

17 Weigh each rat/mouse and immediately inject IP with drug (drug-induced reinstatement) or 
initiate stressor (stress-induced reinstatement). Place the rat/mouse into the center of the box. 
Record test activity 

Note: For drug-induced reinstatement, the dose used should be low enough not to impede locomotor 

behavior (usually half of conditioning dose) 

18 After the reinstatement test session is complete (typically 15 min), remove the rat/mouse from 
the apparatus and return it to its home cage 
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3. Physical 
Aspects 

of the Testing 
Environment 


The apparatus most commonly used for place conditioning with 
rodents is a two-chamber or three-chamber (one neutral) box 
with removable doors to isolate each chamber during condition- 
ing (see Fig. 6.2). The two-chamber apparatus (with or without 
a neutral chamber) is well suited for studies of place conditioning 
when only a single drug is being examined, whereas a multiple- 
chamber apparatus is typically used when researchers compare 
more than two drugs (e.g., cocaine, morphine, and vehicle (19)). 
Multiple-chamber units are useful to assess the relative reward- 
ing effects of different drugs. Typically, the apparatus is designed 
so that the to-be-conditioned chamber dimensions are equal, but 
the chambers are maximally distinguishable to facilitate the dis- 
crimination (e.g., variations in flooring, lighting, and color). 
Place conditioning has also been assessed using different pro- 
cedures, most notably an open field separated into four quadrants 
(64). The open field version was designed to assess the degree to 
which animals will maintain contact with drug-paired floor quad- 
rants. During conditioning, drug administration is paired with 
one type of flooring (e.g., wire mesh) that is inserted into all four 
quadrants of the open field. The following day, vehicle adminis- 
tration is paired with another type of flooring (e.g., steel bars) 
that covers all four quadrants of the open field. At test, the animal 
is placed in the open field, with some quadrants containing the 
drug-paired flooring and other quadrants containing the vehicle- 
paired flooring. The number of quadrants containing the drug- 
paired flooring can be varied from one to three to demonstrate the 
extent to which an animal will maintain contact with that floor- 
ing during a CPP test. Technically, in this case, the animal does 
not learn an association between a drug stimulus and a place, but 
rather between a drug stimulus and a floor texture. However, the 
outcome and interpretation is similar, that animals track stimuli 
that have been associated with a rewarding drug stimulus. 
Natural variations in the physical features of the environment, 
such as lighting and odors, can influence the outcome of CPP 
procedures. This is especially true with stimuli for which ani- 
mals have pre-existing preferences. Because rodents prefer darker 
chambers over lit chambers, differences in lighting in the two 
chambers may result in a chamber bias. The animals’ bias toward 
darker chambers may also be relevant in the selection of colors 
or wall patterns to differentiate the two chambers. Sometimes 
researchers use this natural tendency deliberately, when using the 
“biased” procedure. Animals may also be differentially reactive 
to different flooring materials. Flooring features are readily dis- 
criminated by rodents, and the animals may have pre-existing 
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preferences for certain materials (e.g., rough vs. smooth). To min- 
imize pre-existing preferences while permitting a discrimination, 
some studies use two types of flooring made of similar material 
but varying in texture (e.g., stainless steel grid flooring with two 
vs. four squares per inch). Some studies have used odors to dis- 
tinguish the two chambers, but these are difficult to control, and 
may easily be strong enough to be aversive to animals, resulting 
in a new source of bias. Overall, the physical stimuli associated 
with the chambers can influence unconditioned preferences, thus 
inadvertently influence the outcome, or require the investigator 
to utilize a “biased” procedure to use for conditioning. It should 
be noted that most commercially available apparatus have a pre- 
ferred side, requiring the use of the “biased” procedure. 


4. CPP in Humans 


We have recently demonstrated that CPP also occurs in human 
volunteers, using oral doses of d-amphetamine as the drug (11). 
Although there is not as yet a standardized human CPP proto- 
col, the methodological details of the one published study may 
serve as a guide for future studies. Healthy young adults par- 
ticipated in four 4-h conditioning sessions separated by at least 
48 h, in which they received capsules containing placebo or 
d-amphetamine (20 mg), in alternating order. Half of the par- 
ticipants were assigned to a “paired” group, who received the 
drug on two sessions in one room and placebo on two sessions in 
another room, and half were assigned to an “unpaired” group, 
who received drug and placebo in random order in the two 
rooms. On the test session, we asked subjects to rate how much 
they liked each of the two rooms. Subjects in the paired group 
reported liking the amphetamine-associated room more than the 
placebo room, whereas the unpaired subjects were indifferent in 
their room-liking ratings (Fig. 6.4). Most importantly, within the 
paired group, individuals who reported experiencing the most 
pleasant effects from the drug on the conditioning sessions also 
reported greater liking of the drug-associated room (Fig. 6.5). 
This is consistent with the common, but untestable, assumption 
that place preference in non-humans is associated with “pleasant” 
internal effects of the drug. That is, the procedure provided an 
index of the relationship between place preference and the qual- 
ity and magnitude of the mood-altering effects of the drug. 

The human CPP study extends the animal studies in two 
important ways. First, it extends the evidence for CPP to 
another species, humans. More importantly, it allows investiga- 
tors to investigate the relationship between subjective measures of 
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Fig. 6.4. Mean (+ sem) ratings of liking of the room on a Visual Analogue Scale (VAS) 
in which subjects received d-amphetamine (20 mg) or placebo (paired group; N=19) or 
the two rooms (unpaired group; N=12). Subjects in the paired group reported liking the 
drug-associated room significantly more than the placebo room. Adapted from Childs 
and de Wit (11). *p = 0.05. 
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Fig. 6.5. Individual subjects’ ratings of drug liking (amphetamine minus placebo) were 
positively correlated with room liking (amphetamine-paired room minus placebo-paired 
room) in the subjects in the paired group (e = 0.71, p = 0.001). Subjects (N=19) 
received d-amphetamine (20 mg) in one room and placebo in the other room, on two 
occasions each. Drug-liking ratings were obtained after the conditioning sessions, and 
room-liking ratings were obtained on the test session. Adapted from Childs and de Wit 
(11). 


“reward,” i.e., subjective feelings of well-being, with the behav- 
ioral measure of place preference. Although researchers often 
implicitly infer that animals exhibit a CPP because they “like” 
the drug, this can only be measured in humans. Future empir- 
ical studies using this approach may yield novel and interesting 


4.1. Methodological 
Considerations 
for Human CPP 
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relationships between mood effects of drugs and behavioral pref- 
erences. In general, we expect that drugs that produce “plea- 
surable” or affectively positive internal effects will induce a CPP. 
However, the interesting possibility also exists that certain drugs 
may induce a CPP even without producing these feelings of well- 
being. This latter possibility would have fundamentally important 
implications for our understanding of drug abuse. 


Certain methodological considerations with the human CPP pro- 
cedure are unique to humans. These include the ethical issues 
related to administering drugs with potential for abuse to humans 
and the related constraints on the doses and frequency of dos- 
ing. Human volunteers must be carefully screened before partic- 
ipating, for both safety and scientific concerns. Pre-study screen- 
ing typically includes both medical and psychiatric criteria, and 
subjects are also screened before each session for recent drug 
use and pregnancy. Instructions to participants must be care- 
fully considered to minimize the influence of expectancies, and 
the drugs must be administered under double-blind conditions. 
Medical and psychiatric assistance must be readily available in the 
event of an adverse response. Many methodological aspects of the 
human CPP remain to be explored. For example, the relation- 
ship between the dose used during conditioning and preference, 
the possible influence of the physical characteristics and proximity 
of the two conditioning rooms, the number of conditioning ses- 
sions, the instructions to the subjects, the length of time spent in 
the conditioning rooms, and the time between conditioning ses- 
sions and test sessions are but a few of the unknown variables that 
influence conditioning. One important direction for future stud- 
ies using the human place preference procedure is to identify the 
most appropriate and sensitive primary outcome measure. In our 
study, the outcome measure was ratings of liking of the rooms. In 
future studies with the proper physical configuration of rooms, it 
may be possible to assess time spent in the two rooms, parallel to 
the measure used in non-humans. 

Several important questions arise in the human CPP proce- 
dure, some of which relate to similar issues that arise in the non- 
human studies, and some of which are unique to humans. Most 
importantly, it remains to be determined whether a biased proce- 
dure might yield a more sensitive measure of drug conditioning 
in humans. The Childs and de Wit Study (11) used an unbiased 
procedure and included both a paired and an unpaired group to 
control for unconditioned changes in preference. As in the stud- 
ies with non-humans, however, the human subjects had a small 
but detectable preference for one of the two rooms, regardless of 
conditioning, which may have influenced the CPP. Thus, it will 
be worth determining, in future studies, whether a biased proce- 
dure provides more sensitive results, by determining the subjects’ 
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initial room preferences to assign the to-be-conditioned drug and 
placebo rooms. 

As noted above, many methodological variables remain to be 
studied in human CPP procedures. Two methodological issues 
arise, however, that are unique to human studies. The first con- 
cerns the nature of the dependent measures. Although the pri- 
mary outcome measure in animal studies is based on the amount 
of time spent in the two chambers, this is not a practical mea- 
sure to use in humans. Typically, the conditioning sessions last 
several hours, during which the subjects are allowed to sit and 
read or relax. Thus, at the time of testing, human subjects are 
less likely to walk around and explore the two rooms, and more 
likely to simply choose one, and sit there. For this reason, in 
our first study, we used ratings of how much subjects liked the 
room, rather than a behavioral measure of time spent in each 
room. In future studies, it may be possible to devise behavioral 
measures that are more closely related to the non-human model, 
and less dependent on explicit, verbal ratings of room liking. 
This raises a second important question regarding the instruc- 
tions that are given to subjects. In order to make a procedure 
credible to human volunteers, it is usually necessary to provide 
verbal instructions, including a rationale for the study. However, 
there is a risk that the instructions to subjects can influence the 
outcome. For this reason, in most human psychopharmacology 
studies the drug is administered under double-blind conditions 
to minimize the influence of expectancies. In the case of the 
human CPP procedure, it is also important to provide a reason 
for asking subjects to rate the rooms where they were tested. We 
have used two “cover” stories for this purpose: that we were con- 
sidering redecorating the rooms and requested their assistance, 
and more recently, we informed subjects that we were testing 
the interactions between drug effects and physical environments. 
It is not known whether, or how, these instructional sets influ- 
ence the outcome of the human CPP procedures. Clearly, this is 
a potentially valuable paradigm to be developed in humans. The 
procedure in humans may also have direct clinical relevance to 
improve our understanding of the strong place associations that 
drug-dependent individuals report experiencing when they return 
to former drug-using environments. 


5. Possible 
Limitations of CPP 
Procedures 


Place conditioning also has certain limitations (65). One limi- 
tation is the difficulty in obtaining clear dose-dependent effects 
with the procedure. At best, it is cumbersome to demonstrate 
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that the CPP is dose related, using between groups designs. Even 
with group designs, it is sometimes noted that CPP is an “all-or- 
nothing” phenomenon, so that once a threshold dose is reached, 
there is a CPP and higher doses do not increase this effect further. 
This makes the procedure anomalous in the field of behavioral 
pharmacology in which dose responses are the norm, and it also 
makes it difficult to evaluate the efficacy and potency of various 
drugs or to compare across drugs or doses. 

A second limitation is one of interpretation, and whether CPP 
is influenced by other factors such as novelty seeking or avoid- 
ance of a novel environment. Thus, while drugs may change the 
amount of time spent in the conditioned chamber, it is not cer- 
tain that this effect is directly related to the rewarding effect of 
the drug or some other effect of the drug. The recent study 
in humans (11) addresses this concern to some degree, but it 
remains an issue to the extent that other, non-reward-related pro- 
cesses can affect time spent in an environment. 

There are also some limitations of the CPP procedure as 
a model of drug seeking. First, drug is administered non- 
contingently (i.e., by the experimenter) such that the animal 
or person does not have any control over drug intake. In con- 
trast, human drug users have control over their use of the drug, 
and studies with animal drug self-administration techniques have 
shown that drugs have markedly different effects if they are con- 
trolled by the animal or controlled by the experimenter (66, 67). 
Further, the total number of drug exposures in the CPP proce- 
dure is usually limited to the few conditioning trials. As such, 
this procedure may model initial preference, but does not model 
the compulsive and chronic use of drugs seen in addicts. Thus, 
the CPP procedure only provides an index of simple associative 
learning that occurs when the rewarding properties of a drug are 
associated with an environment. 

One concern that has been raised about the use of the CPP 
reinstatement procedure is that reinstatement may reflect state- 
dependent learning. It is well known that the possibility of recall- 
ing previously learned information at the time of testing increases 
when the subject is in the same state as during the encoding 
phase (68-70). Thus, reinstatement of a CPP induced by a prim- 
ing injection of the drug may be attributed to the state induced 
by the drug. That is, the drug produces an altered state that 
is present during conditioning and reinstatement tests, but not 
during extinction. Although state-dependent learning may con- 
tribute to reinstatement, it is unlikely to play a significant role. 
First, the initial CPP test is given under drug-free conditions 
indicating that the approach response is guided by the incentive 
salience of the cues and not state-dependent learning. Second, the 
fact that a CPP can be reinstated by drugs other than that used 
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during conditioning (e.g., cocaine reinstates a morphine-induced 
CPP (49)) or by stress (50, 61) argues against a state-dependent 
retrieval mechanism. 


6. Future 
Directions 


Perhaps because of its relative simplicity, the CPP procedure is 
widely used to assess the rewarding effects of drugs. It has been 
used to address a wide range of questions pertaining to drug 
abuse, including questions about different drugs, doses, brain 
mechanisms, genetic factors, and behavioral manipulations. More 
recently, it has been used to study processes of both extinction 
and reinstatement, as well as other addiction-related processes. 
For instance, studies have used CPP procedures to examine inter- 
actions between drugs and social stimuli. In one study social inter- 
action reduced the aversive properties of alcohol (71), while in 
another study social interaction enhanced preference for a low 
(subthreshold) dose of cocaine (72). These studies show that the 
CPP can be influenced by social interaction in the testing envi- 
ronment, both to dampen aversive effects and enhance positive 
effects. Place preference has also been used to study individual 
differences, or “traits” related to drug use, but the results of these 
studies have been mixed (65). In a widely cited series of studies 
with drug self-administration in rats, Piazza and colleagues (73, 
74) suggested high levels of spontaneous activity and high lev- 
els of activity after a stimulant drug predicted a higher propen- 
sity to take drugs in operant self-administration paradigms. The 
idea that “high responder” (HR) and “low responder” (LR) ani- 
mals differ in the rewarding effects of drugs has subsequently been 
tested using the place preference procedure, with mixed results. 
In some studies, HR animals exhibit a stronger CPP (75), but 
other studies have reported either no effect (76, 77) or the oppo- 
site relationship (78, 79). For example, in one study, rats that 
exhibited lower locomotor response to cocaine tended to develop 
stronger CPP (78), and similar results were reported in another 
study in mice (79). Several factors complicate the interpretation 
of these findings. One concern is that some strains of animals that 
differ on the HR and LR measures also score higher on behav- 
ioral measures of anxiety, and that these baseline levels of “anx- 
iety” may confound the CPP results (75, 80). Another concern 
is that the HR and LR animals may differ in “novelty-seeking,” 
and that it is this process, rather than the rewarding effects of the 
drug, that accounts for the original observation with drug self- 
administration (65). Additionally, the greater locomotor activity 
observed in HR animals may mask a CPP, as it has been shown 
that the overall CPP increases as locomotor activity decreases 
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during the course of a preference test (27). Taken together, these 
studies show that the use of the CPP procedure to study indi- 
vidual differences or “traits” raises a number of interpretational 
problems that remain to be resolved. 

We have reviewed some of the key features of the place prefer- 
ence procedure, as it has been used in rodents, and more recently, 
also in humans. The extension of the CPP procedure to humans 
provides a direct link between clinical observations and the rich 
existing literature on place preference in non-humans. The human 
place preference procedure may predict which drugs are reward- 
ing or which individuals are likely to develop strong learned asso- 
ciations with drugs. Clinically, it could be used as a screening pro- 
cedure to assess abuse liability of new compounds or to test the 
ability of a potential medication to block the positive effects of 
a known drug of abuse. Third, and most interesting, it could be 
used to study the conditioning, extinction, and reinstatement of 
drug-related memories in humans. This would be critically impor- 
tant to test potential medications that might interfere with the 
acquisition or facilitate the extinction of drug-related condition- 
ing and memories involved in the relapse process. 
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Chapter 7 


Social Interactions in the Clinic and the Cage: Toward a 
More Valid Mouse Model of Autism 


Garet P. Lahvis and Lois M. Black 


Abstract 


Autism spectrum disorders (ASDs) are characterized by impairments in communication, social inter- 
action, and the presence of restricted and repetitive behaviors. Impairments in the capacity for social 
interaction include deficits in the use of nonverbal behaviors, failure to develop peer relationships, lack 
of motivation to share enjoyment with others, and lack of social reciprocity. This multidimensional diag- 
nosis, both sophisticated and nuanced, contrasts sharply with our limited assessments of mouse “social 
behavior,” which typically involve measures of approach behavior. Our objectives here are to examine 
the deficits in social interaction in ASD, highlighting the role of affective and nonverbal communica- 
tion, and then to provide the theoretical and empirical basis for expanding translation-relevant measures 
of impaired social interaction in mouse models. We ask whether diminished approach toward another 
mouse, the current behavioral paradigm for mouse models of autism, is sufficient to capture the nuanced 
social impairments featured in the autism diagnosis. We conclude that these tests should be comple- 
mented by assessments of mouse social reward, vocal communication, and mouse abilities to respond to 
the emotional cues of others. General protocols for several of these behavioral tests are presented. 


1. Introduction 


to the Autism 
Diagnosis: Social BEN , ts 
F Impairment in social interaction, as described in DSM-IV-TR (1), 
Interaction P : 
A is manifested by at least two of the following: 
Impairments 


e marked impairment in the use of multiple nonverbal behav- 
iors such as eye-to-eye gaze, facial expression, body postures, 
and gestures to regulate social interaction; 


e failure to develop peer relationships; 
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e a lack of spontaneous seeking to share enjoyment, interests, 
or achievements with other people (e.g., by a lack of show- 
ing, bringing, or pointing out objects of interest); and 

e a lack of social or emotional reciprocity. 

The ADOS, as a “gold standard” research tool in ASD, pro- 
vides, through a series of semi-structured activities, opportunities 
to observe how a child behaves and interacts with a clinician— 
examiner in order to rate the child on core ASD symptomology 
(2-4). The clinician judges the child’s use of both verbal and non- 
verbal forms of communication that support social interaction. 
Ratings include whether communications have reciprocal intent 
or are dominated by the child’s own interests or focus; whether 
the child’s social overtures and social responses are appropriate; 
whether the child shows a broad range of communicative affec- 
tive expressions; and whether the child links verbal and nonverbal 
communications in a subtle and flexible way that supports recip- 
rocal, emotional social interactions. 

The ADOS, in combination with other diagnostic instru- 
ments, mitigates some of the inherent variability of clinical diag- 
nosis of a human social disorder. Inevitably, as carried out by many 
clinician—examiners, ratings can be subject to frame of reference 
effects and the clinician’s own level of insight and experience. 
These ratings require substantial experience, clinical training, and 
expertise. Moreover, ratings are susceptible to changes in cultural 
and clinical perspectives regarding normal and impaired levels 
of social expressivity and responsivity. Culturally, there are dis- 
parities in emotional expression across societies, ethnicity, social- 
economic status, rural versus urban upbringing, gender, age, and 
variations in parental personalities in response to societal expec- 
tations. Against these environmental influences, the child inherits 
a rich genetic variability and its own individual experiences that 
underlie a variety of social capacities and motivations that have 
nothing to do with ASD per se. A child can be shy, reclusive, 
introverted, or extroverted. A child can also have sensory and 
other impairments and psychological issues that influence social 
skills. For example, poor peripheral vision, internal pain, sensory 
hypersensitivity, and language impairment can all impair social 
functioning. Other contributing factors include abuse, poor cop- 
ing skills, and poor social models at home or school. 

In this regard, there is growing recognition that autism 
research with human subjects would benefit from automated tools 
to measure and analyze on-going verbal and nonverbal communi- 
cation in ASD. Such tools would ideally employ thoroughly blind 
methods that allow for a precise focus on the behavioral feature 
of interest without interference from other features. Technologies 
are being developed that may ultimately provide better tools to 
identify atypical behaviors. For example, eye-tracking technology 
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can help elucidate idiosyncratic nonsocial forms of attentional 
focus (5, 6), and machine learning/pattern recognition analyses 
can be employed to help automate assessment of facial affect and 
gestural movements (7, 8). Speech technology combined with 
statistical analysis methods can aid in exploration of vocalizations 
and automated assessment of prosody in autism and other dis- 
orders (9). Given the enormous progress that has been made in 
computer performance and algorithm sophistication, it is likely 
that these technologies only mark the beginning of a revolution 
in automated, highly sensitive behavioral assessment. As many of 
these methods focus on nonverbal behavior, they raise the possibility of 
applying similar or even identical methods to the study of behavioral 
features of ASD in nonhuman species. 

Social interactions require that a participant detect a host of 
verbal and nonverbal cues associated with the other participant’s 
emotions and intentions, that one participant has an internal emo- 
tion in response to these cues, and that the other participant then 
expresses his own emotional responses in a fashion that can be 
detected by the first individual. We might consider this interaction 
as a reciprocity chain that links emotion with expression and ensu- 
ing emotional response with expressive response. We can consider 
each link by its temporal and contextual features. For example, 
there could be a temporal progression from the first change in 
the emotion of an individual (1), to the outward expression of 
the emotion (2), to detection of that individual’s expression by 
a companion (3), to changes in the companion’s emotional state 
(4), which begins the cycle again. Among humans, this progres- 
sion of expressed and perceived emotions is mediated primarily via 
nonverbal visual cues, such as eye gaze, facial expressions, bodily 
postures, gestures (10), as well as vocal prosody cues. Affective 
communication can be amplified when visual and auditory cues 
are spontaneously expressed in a coordinated fashion. 

Communication and expression of emotions in the “reci- 
procity chain” is supported when an individual is attuned to 
the inter-subjective and situational context and can respond and 
express himself consistently across communication modialities. 
Consider, for example, a child who is talking to another in a 
flat tone, irrespective of the emotional import of the environ- 
mental context or unresponsive to the semantic content of the 
child’s own or the other’s communications. In this case, the 
flat-toned expression could index either a deficit in awareness 
of the other’s emotions or mental state, and/or a deficit in the 
child’s own self-expressivity. In either case, it may signal impair- 
ment in social-emotional reciprocity. The same concerns could 
be raised if a child were to talk in a singsong melody regard- 
less of the content of what was said or the situational context. 
Thus, a lack of a dynamic, multimodal response to an emotionally 
salient event may identify an abnormal response or impairment 
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1.1, Expressions 
of Emotion: Vocal 
Prosody 


in social-emotional reciprocity. To translate impairments of social 
interaction from the clinic to the lab bench and then back again, 
we might directly investigate the “stimulus—response” relation- 
ships between outward expressions of emotion. 


Let’s now consider in more detail the deficits in vocal communi- 
cation associated with ASD. Social interactions critically involve 
individuals to both vocally express their emotions and to under- 
stand and respond to the emotional expressions of others. The 
emotions experienced by an individual can be expressed through 
the semantic content of what is said. If I tell you that I feel angry, 
despondent, frustrated, defeated, overwhelmed, cagy, indignant, 
exhilarated, content, proud, or surprised, you have an idea of how 
I feel. Emotions are also critically conveyed by how words are 
said; that is, through vocal prosody. Prosody can be described 
at multiple levels. At the acoustic level, it refers to the usage of 
features, such as variations in the pitch of a phrase or sentence, 
the duration or loudness of a particular syllable, or vocal qual- 
ity (e.g., tense, hoarse, breathy). At the mechanical—-physiological 
level, prosody refers to how these acoustic features result from 
the complex interplay of all components of the speech produc- 
tion apparatus, ranging from the lips to the lungs. At the brain 
level, prosody refers to how these components, in turn, are con- 
trolled in a coordinated fashion by multiple brain systems. Finally, 
at the functional level, we can delineate the following classes of 
functions. Affective prosody refers to the expression of internal 
emotional experiences of joy, sadness, achievement, or anger. For 
example, a flat pitch contour can convey sadness, while significant 
dynamic changes in pitch and energy levels can indicate greater 
emotional salience. A tremble in a voice can indicate sadness or 
fear. 

Grammatical prosody helps us to distinguish between mean- 
ings of words or sentences. Stress on a particular syllable can help 
us to differentiate a verb (pre-sent’) from a noun (pre’-sent) and 
the different meanings of a word, while upward trend in pitch can 
help us identify a question from a string of statements. Pragmatic 
prosody is used to help us put emphasis on an important idea, sen- 
tence, or word in a sentence and thus reveals our focus and inten- 
tions. Enhanced duration and loudness (energy) can indicate the 
salient point of a statement. For example, “It wasn’t the blue chair 
you spilled ink on, it was the NEW chair.” Prosody allows us to 
express subtle or not so subtle attitudes. For instance, one can be 
sincere or sarcastic depending on /ow one says, “I really want to 
go to dinner with you.” In another, and quite different function 
of pragmatic prosody, people speak to infants in “motherese” or 
“infant-directed talk” (11) which they do not use with older chil- 
dren. People speak differently to a policeman than they do to an 
intimate partner. Pragmatic prosody thus also signals the context, 
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roles, and relationships between speakers. Although it is custom- 
ary in human research to include role-related prosody in the cat- 
egory of pragmatic prosody, we will include it in the category of 
affective prosody for studies of rodent vocalizations. While role- 
related prosody is relevant for mice, its classification as “pragmatic 
prosody” would be inappropriate because of its strong verbal con- 
notations and because, even in humans, role-related prosody typ- 
ically has an affective component (e.g., motherese cannot be de- 
coupled from the feelings toward the baby). 


Atypical prosodic expression has been considered a hallmark of 
autism since the disorder was first described (12). Prosody in 
ASD has been described as monotonous or flat (13), stilted, 
robotic, overly melodious, or singsong (14). Atypical features 
include aberrant stress, unusual pitch patterns, abnormalities of 
rate and volume, and problematic quality of voice (e.g., hyper- 
nasality) (15, 16). Children with ASD are more likely to express 
odd phrasing patterns and to exhibit abnormalities in their mod- 
ulation of pitch, and in their rate and volume of speech compared 
to typically developing children (17). Unusual prosody in very 
young children, ages 12-24 months, has been found to be one 
of the “red flags” that distinguish ASD from other developmental 
disabilities (18). 

Unusual prosody may interfere with the communicative effec- 
tiveness of speech, for example, by making it difficult to deter- 
mine whether or not a statement is intended as a question, or 
what emotion is being conveyed. In fact, certain repetitive pat- 
terns of specific pitch, duration, or energy changes irrespective of 
verbal content may trigger an unintentional negative emotional 
response in the listener, which may then severely disrupt the reci- 
procity chain. In ASD, atypical prosody very much impacts com- 
municative competence and reciprocal social interactions. 

Using objective methods, expressive prosody issues have been 
documented in about 50% of a group of adolescents and young 
adults with ASD (16). Receptive prosody issues have been less 
frequently studied, but are thought to be closely associated with 
expressive deficits, both having been looked at in autism in stud- 
ies that use controlled perceptual methods (17, 18). Automated 
methods for the study of expressive prosody are few and will likely 
expand on the labor-intensive approaches pioneered in seminal 
studies, such as Shriberg’s PVSP (16, 19). Manual approaches 
unavoidably reduce the amount of data available for research 
(e.g., it is not unusual to analyze only the first 50-100 utter- 
ances of an individual’s language sample, even when there may 
be many more relevant utterances in a spontaneous conversa- 
tional dialogue across different topics or activities, for example, 
using the ADOS). Second, the use of the human ear in the PVSP 
and in Peppé’s methods introduces additional variables, particu- 
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1.3.1. Facial Expression 


larly for detection of more subtle cases of atypical prosody (9). 
Clinical judgment ratings on the ADOS for atypical prosody, 
for example, have such poor inter-rater reliability, that this item, 
despite its importance, has never been included in any version of 
the ADOS “algorithm,” that subset of items most critical for a 
diagnosis. 

Advances in speech technology, mathematical analyses, and 
algorithm development, however, are making it increasingly pos- 
sible to perform automated analyses of expressive prosody. For 
example, preliminary findings using automated analysis of expres- 
sive prosody show that even when in ASD certain prosodic con- 
trasts (e.g., focal stress) are expressed clearly; they are expressed 
with an atypical usage of prosodic features that are not detected 
by human observers (9). Speech technology can also create 
stimuli for the study of receptive prosody with carefully con- 
trolled or manipulated speech stimuli that cannot be produced 
by humans, such as affectively distinctive speech stimuli that have 
identical speaking rates, or stimuli in which certain prosodic fea- 
tures (e.g., pitch) are altered while keeping others (e.g., dura- 
tion) invariant (20, 21). These speech manipulation methods 
can in principle be applied to nonhuman vocalization as well, 
for example, to determine which acoustic features are behav- 
iorally relevant when studying different strains of mice in different 
situations. 


Nonverbal communication is thought to be a critical component 
of social interaction and communication of affect. Evidence exists 
that facial and gestural communication are impaired in ASD, both 
expressively and receptively, as is the use of eye gaze. 


Facial expressivity has been described as more constricted in 
range, more flat or neutral, and more idiosyncratic and ambiguous 
in children with ASD (22). Behavioral research on facial expression 
is itself extremely limited, however, due to the enormous amount 
of labor involved in the manual coding of facial expressions (e.g., 
using variants of the Facial Affect Coding Scheme (FACS) (23)) 
and the still early state of automated methods. Machine learning 
models of automatic affect recognition, although fast progressing, 
are not yet capable of analyzing facial affect in natural situations. 
Current methods, able to capture spontaneous affect, still require 
a nearly invariant frontal view of the individual and hence cannot 
easily be used in dynamic social situations (7). 

Difficulties in the receptive processing of facial affect have 
been documented in ASD in numerous behavioral studies 
(24-29). Lindner and Rosén (30), using both static and dynamic 
(video) facial affect stimuli, vocal affect, and verbal content, as 
assessed with the Perception of Emotion Test or POET (31), 
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showed that children with Asperger’s (As) have more difficulty 
than TD children identifying emotions. Mazefsky and Oswald 
(32) using the DANVA (33), which measures facial affect and 
tone of voice unimodally at two levels of intensity, showed that 
children with As perform similarly to the standardization sample, 
whereas those with high functioning autism (HFA) perform sig- 
nificantly worse on both facial and vocal affect, and significantly 
worse than As at low levels of intensity. Thus differences emerge 
depending on the subtlety of the affects expressed, the behavioral 
measures used, the methodology employed, and who the subjects 
in the research groups are, which, too frequently, are not ade- 
quately characterized. 

Studies with functional MRI indicate that children with 
autism have less activity in the fusiform gyrus, more activity in the 
precuneus, and reduced activity in the amygdala relative to TD 
children (34). Among adults, fMRI scans indicate that individu- 
als with ASD take longer to habituate to repeated exposures to 
faces, accounting for what sometimes looks like conflicting find- 
ings of both under-arousal and hyperarousal of the amygdala in 
ASD; also shown was a significant correlation between reduced 
neural habituation and the severity of social deficits (35). Given 
that habituation is associated with learning and novelty detection, 
reduced neural habituation implies difficulty in extracting social 
information and adapting to the unfamiliar. 


Averting eye gaze or atypical eye contact with others is a well- 
recognized aspect of ASD (17). Children with ASD have difficul- 
ties using eye gaze to initiate and maintain interactions, to refer- 
ence objects beyond need-related requests as, for example, in pure 
social exchanges of sharing pleasure, feelings, uncertainties about 
the environment, and, in fact, people with ASD prefer to look at 
objects rather than other people or their faces (5). Notable is the 
deficit in the linkage of eye gaze with other forms of communica- 
tion, especially gestures and vocalizations, in order to share atten- 
tional focus with another. Difficulties in initiating joint attention 
or responding to the bids of others in joint attention are among 
the most prominent deficits that lead to ASD diagnosis before the 
age of 3 (36-38). 


Gestures are communicative actions that make use of fingers, 
hands, arms, facial, and head movements, as well as body move- 
ments and postures. Limited use of gestures in children has also 
been considered a red flag for early identification of ASD in 
12—24-month olds (18, 39-41) and a diagnostic marker for older 
children (4). Lack of communicative, descriptive, and emotional 
gestures appears, for example, on all ADOS algorithms for all 
modules. Gestures have a critical pre-linguistic communicative 
and interpersonal function in the very young. The earliest deictic 
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gestures emerge between 7 and 12 months, with their meaning 
known from context (i.e., reaching to be picked up; pushing an 
object away for refusal; pointing to an object wanted; showing 
or giving an object to another for sharing) and make up nearly 
80% of infants and toddlers’ gestures (42). Representational and 
symbolic gestures, which have meaning in themselves and sig- 
nify features of an object or action, start to appear around 12-24 
months (e.g., fingers to mouth to represent “eating;” waving a 
hand to say “bye”). These gestures usually emerge within inter- 
subjective contexts and social routines, such as play with care- 
givers and singing songs accompanied by gestures with peers (i.e., 
“itsy bitsy spider”), and are thought to depend on modeling by 
and observation of others. 

Tools currently in use to assess quality and types of gestures 
typically involve impressionistic observations or videotaping activ- 
ities structured to elicit gestures and then using manual coding 
schemes to rate them (e.g., 18, 42). Although not yet applied as 
an analysis tool for autism, there is progress in pattern recognition 
methods for gestural analysis in other fields. For example, tech- 
nology tools have been developed to precisely capture expert sur- 
geons’ manual movements in order to implement robotic surgery 
(43). The possibility of applying similar methods to the analysis 
of gestural communication in autism may be on the horizon. 

Weaknesses in understanding and using gestures are thought 
to relate to fundamental impairments in ASD in imitation (44, 
45), possibly due, in part, to underlying motor deficits (46). In 
turn, imitation difficulties in ASD have been linked to neural dys- 
function in the mirror neuron system (47, 48). Mirror neurons, 
which were first discovered in area F5 of the macaque, have been 
documented in humans, especially in the analogous area to F5, 
the pars opercularis of the inferior frontal cortex (Brodmann’s 
area 47), as well as in parietal cortex (49, 50). Mirror neurons are 
said to fire when one performs a goal-directed action as well as 
when one observes a goal-directed action performed by someone 
else. Thus the mirror neuron system has been characterized as the 
neural mechanism whereby others’ actions, and the motor plans 
for them, as well as others’ intentions and goals are quickly or even 
automatically learned, even by just observing. In interconnection 
with other cortical areas, such as superior temporal sulcus and 
visual areas that respond to biological motion, the mirror neuron 
system likely plays a role in the human ability to imitate others. 
Via interconnection with the insula and limbic system, the mirror 
neuron system may support our understanding of others’ minds 
and the ability to empathize (48, 51, 52). Using facial affect imita- 
tion and observation tasks in an fMRI study, Dapretto et al. (53) 
found significant differences in mirror neuron activity between 
children with ASD and TD (especially in the right inferior frontal 
lobe with links through the insula to the limbic system). 
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ASD has been linked to impairments in the ability to perceive 
others’ emotions, intentions, and mental states, as well as in the 
ability to perceive that the experience of another individual is 
different from one’s own. These concepts are embodied in the 
notion of empathy. In the early twentieth century, empathy was 
coined from the German word, einfiihlung, or “feeling into” 
(54). This term has since been expanded and refined by numerous 
authors (55, 56), but contemporary definitions of empathy con- 
tinue to maintain a primary role for affective reactivity to others 
(57). Eisenberg (58) defined empathy as “an affective response 
that stems from the apprehension or comprehension of another’s 
emotional state or condition, and which is similar to what the 
other person is feeling or would be expected to feel” (p. 72). 

The mechanisms that underlie deficits in empathic ability in 
autism are far from well understood and are being researched at 
both neural and behavioral levels. Some studies focus on impaired 
and atypical social information processing at the behavioral level 
and the cascade of events that it can induce over time. These 
deficits may be tied to (both precursor and consequent) func- 
tional and structural brain abnormalities. There is research that 
relates many of the known social deficits in autism to dysfunction 
in the “social brain” (which includes, especially, the amygdala, 
fusiform gyrus, limbic system, and areas of prefrontal cortex) 
(59, 60). Other studies, as mentioned, are investigating dysfunc- 
tion in the mirror neuron system and its interconnected circuitry, 
especially as related to deficits in imitation ability to understand 
others’ intentions, and empathy (48). There has also been impor- 
tant evidence of uneven distribution of white matter and neu- 
ral under-connectivity in recent research. For instance, studies 
have shown functional under-connectivity, measured using corre- 
lations between time series of pairs of regions of interest in fMRI 
(61), as well as structural under-connectivity (62). Uneven dis- 
tribution and volumes of white matter in ASD may contribute 
to this reduced interconnectivity (63). White matter volumes 
may be significantly (25% or more) larger in certain brain areas 
(e.g., the frontal lobe) and smaller in other areas (e.g., the cor- 
pus callosum). The uneven distribution of white matter, together 
with atypically larger, but not functionally more productive areas, 
points to inefficient interconnectivity. In addition to these find- 
ings, there are additional features at the microscopic level that 
may also have implications, such as increased numbers of mini- 
columns (vertical columns through the cortex layer) with greater 
cell dispersion in autism (e.g., Casanova 64). 

Implications of under-connectivity include impairments in the 
integration of complex social information. Understanding of oth- 
ers’ emotions and the processing of other relevant nonverbal 
social cues may itself be thwarted by the lack of exposure and 
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focus in autism on the relevant information. For example, Klin 
et al. (5) employed eye-tracking technology to better understand 
how individuals with ASD view the world. In a series of exper- 
iments in which participants watched video clips from Edward 
Albee’s Who’s Afraid of Virginia Woolf, individuals with autism 
were found to focus significantly less time on the eye region 
of the actors’ faces and significantly more time on the mouth, 
body, and object regions in the film compared to normal con- 
trols. Eye-tracking studies in toddlers with ASD have shown, 
similarly, a preference to look at the mouth rather than eyes, 
objects over people, and to orient to physical rather than social 
contingencies (6). Because the nonsocial focus of visual pursuit 
takes place at a very young age, children then miss out on much 
socially relevant information and social learning that would allow 
for greater understanding of interpersonal contexts and improved 
social adaptation. However, it is unknown to what degree such 
biases and lack of input is causal, leading to further neural and 
neurodevelopmental changes, or themselves caused by fundamen- 
tal neural impairments in brain circuitry. 

Under-connectivity may also result in poor cross-modal inte- 
gration in ASD, which has been documented via behavioral, 
anatomic, electrophysiological, and neuroimaging methods. At 
the behavioral level, Wetherby et al. (18), for example, used the 
systematic observation of red flags (SOREF), rated by two people 
with good inter-rater reliability (k=0.94) to confirm the presence 
of six red flags that distinguish children with ASD during the sec- 
ond year of life from those with DD (developmental delay) and 
TD. One of those flags was the lack of typical “coordination of 
gesture with eye gaze, facial expression, or vocalization” (with at 
least three modalities coordinated) and was found in 100% of the 
children with ASD. 

As with the above explanation underlining the lack of vital 
social input early on, there is strong plausibility for poor cross- 
modal integration being a major obstacle to empathic ability, since 
empathy requires a near-automatic integration of many subtle 
behavioral cues in multiple modalities simultaneously. Although 
behavioral observations have testified often enough to the lack of 
linkage in multiple verbal and nonverbal modalities, most of these 
studies have used subjective judgment or manual coding meth- 
ods. There are, however, studies underway to examine this in an 
objective behavioral paradigm and to automate detection of affec- 
tive communication in individual modalities (i.e., facial, gestural, 
postural, verbal, and vocal prosody) and analyze, via mathematical 
algorithms, their temporal coordination and synchrony. 

As we transition here to a discussion about how we assess 
mouse models that may be relevant to autism, we can see the 
tremendous translational benefit of analysis tools that assess ges- 
tures and vocalizations and behavioral responses to these social 
signals. Analogous diagnostics can be developed, in theory and 
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in practice, for studying laboratory mice. Do mice share these 
nuanced social abilities? In the subsequent sections, we will 
explore the social repertoire of the feral and laboratory mouse, 
including a broad assessment of the expressive and receptive 
aspects of mouse communication. 


When a genetic linkage to autism is found, mouse studies can 
help to discern whether there is a causal relationship between the 
mutation and changes in brain function or behavior relevant to 
autism. Mice are useful species for genetics research because they 
have a mammalian brain and a relatively short generation time 
(10 weeks from conception to reproductive maturity). The entire 
mouse genome has been sequenced, mouse genes can be deleted, 
gene expression can be changed (65), and human genes can be 
inserted into the mouse genome (66, 67). With these tools, rela- 
tionships between genetic mutations and social behavior can be 
examined. After mutations in fmr1 were linked to fragile-X dis- 
order (68), a knockout mouse strain (fmr1 KO) was generated to 
model the disorder (69). The fmrl KO was then studied for rel- 
evant cognitive, social, and seizure-related deficits (70-73). As a 
result, this mouse model is now being used to explore pharma- 
cological and genetic treatments for the symptoms of fragile X 
(74-76). Other findings of genetic linkages to autism 
have resulted in knockout mice with disruptions in WNT2 
(77), MECP2 (78), engrailed 2 (79), CAPS2 (80), and 
neuroligin-4 (81). 

Are mice capable of social interactions that would make the 
study of mouse behavior relevant to autism? Feral mice have been 
found at population densities of up to 4,000 mice per acre (82, 
83). In the wild, both males and females establish territories and 
social hierarchies (84-86) and compete for food, territory, and 
mates (87). Dominant males can distinguish mice that belong 
in their territory and the degree of relatedness of mice in adja- 
cent territories (86). In natural environments, social arrangements 
are dynamic, fluctuating with season and food availability (88). 
Aggressive behavior is more common at high population densi- 
ties, while gregarious social groups form when the resources for 
each mouse are more plentiful (89, 90). Social arrangements are 
also dynamic, changing with the birth of new litters, with move- 
ments of mice into and out of geographic areas, with the death of 
dominant males, and changing food and mate availability. 

One could imagine that a mouse with an impaired ability to 
recognize expressions of dominance, submissiveness, or the chang- 
ing needs of offspring might have difficulties surviving in a nat- 
ural population. For instance, a mother is behaviorally responsive 
to the wriggling calls (91) and distress calls (92) of her pups. 
One could envision that a nonresponsive mother would be less 
likely to produce viable litters. Inability to recognize some of 
the cues that dictate social hierarchies might also result in forced 
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expulsion from the territory of a dominant male or female. A 
mouse that avoids social interaction might remain ignorant of 
social cues for safe foods to eat, safe times and places to for- 
age, and mate availability. Taken as a whole, the natural envi- 
ronment likely imposes strong selective pressures for abilities to 
detect fear or pain in another mouse and recognize the con- 
ventions of social hierarchies (for an enlightened overview, read 
Crowcroft 93). 


Against this backdrop of mouse social capacities in natural envi- 
ronments, we can consider the most useful and widely employed 
approach for examining the social capabilities of a laboratory 
mouse; the social approach test. The social approach test has been 
variously attributed as measure of mouse “sociability,” “sociality,” 
“reciprocal sociality,” or “social interaction.” This social interac- 
tion test has been used extensively to examine mice with targeted 
alleles relevant to autism (see Section 2). Social approach behav- 
ior of a “test” mouse is measured typically after a period of social 
isolation. During isolation, the test mouse becomes habituated 
to a cage where it resides. A stimulus mouse is then introduced 
to the test mouse’s cage. During the test, the stimulus mouse 
explores the cage and the test mouse follows or “approaches” the 
stimulus mouse. “Sociality” in this test is defined as a composite 
measure of social approach; the fraction of time that the nose of 
the test mouse is within a short distance of the head, flank, or 
anogenital region of the stimulus mouse. Social approach is most 
vigorous after extended periods of social isolation and can vary 
with the time of day when social isolation occurs (94). This test 
has various permutations. Among juveniles, it can indicate “social 
interaction” (95). Among adult males or nursing females con- 
fronted with a visitor, this resident—intruder test measures aggres- 
sive behaviors (96). 

It should be noted here that some very insightful information 
are gained about the social approach behaviors of a laboratory 
mouse by simply observing the home cage. For instance, dvll 
knockout mice do not huddle together or barber the whiskers of 
their cagemates like their wild type controls (97). This particular 
study highlights the importance of simply observing the home 
cage, in the colony room during periods when the white lights are 
on and also under dim red light (see details on mouse husbandry 
at the end of this chapter). 

There are also automated versions of social approach tests, to 
rapidly determine whether a test mouse is more likely to approach 
an unfamiliar mouse, versus a familiar mouse, or versus an inan- 
imate object (98). Approach behavior is indicated when the test 
mouse breaks an infrared beam and enters a room that contains a 
cage wherein the stimulus mouse resides. A more detailed descrip- 
tion of this test is provided at the end of the chapter. 


Social Interactions in the Clinic and the Cage 165 


Just as social behaviors and motivations of children are differ- 
ent from those of adults, mouse behaviors likewise change with 
development. For instance, social approach behaviors of early 
adolescent mice can be very sensitive to genetic background and 
insensitive to the gender of the test mouse or the stimulus mouse. 
As mice approach reproductive maturity, social approach becomes 
more stereotypical: males approach females more than females 
approach males. Genetic influences of social approach behaviors 
may be marked by gender differences that emerge with repro- 
ductive maturity (99). There are several excellent references on 
the ontogeny of mouse behavior that should be considered (100— 
104). A common mistake is to consider a juvenile mouse as a 
smaller version of a juvenile rat, which is a very different rodent 
(105-108). For instance, social play among young mice is very 
infrequent and not at all robust (106), whereas young rats express 
“rough and tumble” play (108, 109). Further, mouse motor 
behaviors do not indicate strong “reciprocal” social interactions in 
this test. The stimulus mouse typically walks around the perime- 
ter of the cage while the test mouse follows the stimulus mouse. 
These behaviors do not indicate play or reciprocity. It is possible 
that there are reciprocal vocal exchanges, but this aspect of their 
social exchange is currently unknown. 

It can also be difficult to interpret differences in social 
approach response. Diminished approach toward another mouse 
could indicate shyness, social anxiety, reduced preference to 
engage in a social encounter, or an increased preference for social 
isolation. Shyness and social anxiety are not core features of 
autism. Preference for social isolation may have more to do with 
autism, at least as originally described and emphasized by Kan- 
ner (110) who characterized “autistics” as “aloof,” “indifferent,” 
and “isolated.” Currently, however, the spectrum of autism disor- 
ders is much broader and involves a more heterogeneous group of 
children for whom aloofness or lack of social interest may not be 
descriptive. Reduced social motivation is not mentioned as a core 
symptom of the DSM-IV, but it does characterize the broader 
autism phenotype as described by Dawson et al. (111). 

Moreover, in humans “impaired social interaction” has a 
much more inter-subjective connotation than does diminished 
social approach, sociability, or “sociality.” A person with autism 
can be sociable and still have a severe impairment in social inter- 
action. Social interaction has to do with the behavior of one 
individual impacting another individual, of individuals in żnter- 
action. At the very least, impaired social interaction assumes that 
social behavior is “inappropriate” in the means, timing, or man- 
ner in which it is done with respect to both norms (e.g., age, sex, 
cultural, contextual, social) and with respect to the individual to 
or for whom the behavior is directed. A question then arises, 
does the social approach test paradigm capture core symptoms of 
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“impaired social interaction” in autism? Is it reasonable to think 
that it could, given some modifications to the paradigm? 


Can we be sure that a diminished social approach behavior indi- 
cates a lack of social motivation? Approach behaviors of any sort 
toward a stimulus might suggest that the stimulus induces a psy- 
chological expectation of reward or pleasure, but this inference 
is far from guaranteed. For instance, an amoeba, which lacks a 
nervous system altogether, swims up a chemical gradient. Having 
a brain allows an animal to navigate through its environment to 
gain access to rewards and avoid painful stimuli, through the cues 
that are associated with these states. Such cues can be contextual 
(berries to eat or thorns to avoid) or temporal (a sting follow- 
ing a buzzing sound). This capacity to make associations allows 
an animal to adapt to dynamic conditions. For example, an ani- 
mal can learn that a novel red berry is not sweet. By contrast, an 
amoeba cannot modify its behavioral strategy to obtain food. Its 
movement is dictated by membrane receptors, directed by fixed 
stimulus—response action patterns. 

But how do we infer whether a mouse finds a stimulus reward- 
ing or aversive? The question of how to infer animal motivation 
from animal behavior is a hard problem but it has been extensively 
studied. Through conditioning experiments (described below), 
we can infer animal capacities for fear and fear learning (112-114) 
and for the anticipation and consumption of rewards (115, 116). 
These capacities are supported by a highly differentiated lim- 
bic anatomy (117) and physiological systems that include gluco- 
corticoids, dopamine, serotonin, and endogenous opiates (118). 
Drugs of abuse can co-opt these natural reward systems (119- 
123). Thus, mice respond to their environment, in part, based 
upon associations between particular contextual or temporal cues 
and underlying affective states, such as feelings of reward or fear. 

How can we explore the relationship between social approach 
and these underlying experiences of reward or pain? The con- 
ditioned place preference (CPP) test is particularly valuable in 
this regard. CPP tests were developed in the context of a rich 
theoretical framework (120, 124-127). If a particular stimulus 
(such as access to morphine, cocaine, or a highly palatable food) 
is rewarding, then a test animal will choose to spend its time 
in an environment that it associates with access to this puta- 
tive reward. In the CPP experiment, the test mouse is exposed 
to two environments discernable by distinct but unimportant 
qualities, such as particular beddings or odors. One environment 
is repeatedly paired with the presence of the putative reward 
and the other environment is conditioned by the absence of the 
reward. During the test, the mouse is allowed to roam between 
both of the conditioned environments. No reward is provided dur- 
ing the test period, but the mouse is expected to spend time in 
the environment formerly paired with the putative reward and 
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less time in an environment where it either did not experience 
the reward (for example, saline or standard lab chow) or where 
it previously experienced something aversive. CPP tests show that 
exposures to morphine, cocaine, and highly palatable foods can be 
rewarding for rodents (120). CPP tests have also demonstrated 
that different kinds of social encounters, including play (126, 
127), sexual interactions (128, 129), juvenile social interactions 
(130), mother-—infant bonding (131), and even aggression (132), 
are rewarding to mice. 

Within the context of the social CPP, we can ask whether 
social approach can be associated with social reward. The exper- 
imental framework of a social CPP is depicted in Fig.7.1. 
BALB/cJ mice (BALB) express levels of much lower social 
approach than C57B1/6 (B6) mice, consistent with previous stud- 
ies (133, 134). The B6 strain shows a strong place preference for 
environments paired with social access. By contrast, the BALB 
strain shows no conditioned respond to the different environ- 
ments; they do not find access to other juveniles rewarding. 
Comparison of these two strains indicates that social approach 
can be associated with social reward (130). A more detailed 
description of the social CPP test is described at the end of the 
chapter. 


Test Day 


Fig. 7.1. Juvenile mice learn to associate a particular kind of bedding with the presence or absence of social interactions. 
Mice are placed in clean bedding material each day that alternates between aspen shavings and recycled paper and either 
the presence of other juvenile mice or social isolation. After 10 days of conditioning, mice are tested for their preference 
of the bedding materials in the absence of other mice. Typical juvenile mice, such as the B6 mouse, prefer the beddings 
that they experienced when they had access to social encounter versus beddings associated with social isolation. BALB 
mice do not show this preference. This is a measure of social reward. 
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We can also envision situations in which the association 
between social approach and social reward does not exist. As men- 
tioned earlier, a mouse strain might have a strong motivation for 
social novelty but an aversion to group housing. A mouse might 
avoid social approach for other reasons, such as shyness or social 
anxiety, yet prefer social housing to isolation. Social reward can 
be multiplicitous and ephemeral. Nursing dams, when they must 
choose between environments paired with access to newborn off- 
spring versus access to cocaine, choose environments paired with 
offspring during the first week after birth, but when they have 
older pups, they prefer environments paired with access to cocaine 
(131). 

Social reward is likely mediated, at least in part, by endoge- 
nous opioids, dopamine, and their receptors within the brain. 
These endogenous molecules are distributed within regions 
involved in emotional regulation and mediate responses to pain 
and stress, reward, and social bonding (135, 123). Activa- 
tion of opioid receptors promotes maternal behavior in moth- 
ers and social play among juvenile animals (136-138) and can 
be modulated by agonists and antagonists of opioid receptors 
(139, 140). Separation distress, exhibited by archetypal behav- 
ior and calls in most mammals and birds, is reduced by opioid 
agonists and increased by opioid antagonists (141). Access to 
social encounter can, in turn, influence opioid physiology. For 
instance, social play and short-term social isolation alter opioid 
receptor binding in the nucleus accumbens and other regions in 
rats (142). Dopamine is also important in social interactions. In 
the nucleus accumbens, dopamine appears to be a necessary sig- 
nal for pair-bond formation in male prairie voles (143). Social 
stress or social isolation promotes long-term changes in mesolim- 
bic dopamine (144), and social isolation can render animals more 
sensitive to dopamine-releasing drugs of abuse (145, 146). There 
are also important roles for oxytocin and vasopressin in social 
approach behaviors (147, 148), which influence dopaminergic 
reward circuits (149). While endogenous opioids and dopamine 
can moderate social approach and response to social access, 
the interaction of these physiological mechanisms with social 
encounter does not rule out the possibility that mice, under 
some circumstances, might engage in or avoid social approach 
for other reasons, such as novelty-seeking, shyness, or social 
anxiety. 


How can impairments in social interaction be examined in a way 
that captures mouse social capacities and has optimal translational 
value for autism research? Let us first consider the mouse social 
approach test within the context of the DSM IV-TR diagnosis. 
In what follows, we review the defining features of “qualitative 
impairment in social interaction,” as listed in the DSM TV, and 


1.8.1. Impairment 

in the Use of Multiple 
Nonverbal Behaviors 
to Regulate Social 
Interaction 
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ask within this set of criteria whether existing or new behavioral 
tests can be employed to interrogate behaviors relevant to autism. 
Let us look at a few of these manifestations and how they could 
be captured in our mouse models. Importantly, in considering 
these various tests, it is important to maintain a mouse colony 
and a behavioral testing environment that minimizes variation in 
mouse social behavior. 


Could a mouse express nonverbal behaviors that fail to regulate 
social interaction? Just as there are proscribed behavioral patterns 
for bee waggle dances, fruit fly courtship behaviors, or the hunt- 
ing sequence for members of a wolf pack, mouse social interac- 
tions that are bound by norms for the species. What would be 
the modalities of these interactions? Feral mice shelter in bur- 
rows and forage at night, so their natural environment typically 
occurs under low levels of light. In this environment, social inter- 
actions are mediated by vocalizations, visual and tactile cues, and 
odors. Mouse use of vision, relative to their other senses, is dimin- 
ished. We will briefly review how mice communicate and sense 
each other via their auditory, olfactory, and visual senses, because 
these modalities form the basic components of social interaction. 

Vocalizations: During social interactions, rats and mice often 
emit ultrasonic vocalizations (USVs) at frequencies above the 
limit of human hearing (15,000 cycles/s (hertz) = 15 kHz). Rats 
emit high frequency (50 kHz) upward modulated calls when they 
anticipate or experience reward and lower frequency (22 kHz) 
USVs under aversive conditions (150, 151). Consistent with these 
observations, rats actually self-administer playbacks of recordings 
of high frequency calls, but not low frequency USVs (150). When 
rats hear recordings of high versus low frequency calls, there is a 
differential induction of c-fos gene expression patterns in the brain 
(152). 

Vocalizations among mice can provide information through- 
out development. When infant mice, from post-natal day (PD) 
l to 8, are displaced from the nest they emit distress calls at very 
high frequencies (> 90 kHz) that solicit the dam to return the pup 
to the nest (153). “Wriggling” calls (about 35 kHz) are emit- 
ted by pups within the nest and engender the dam to free the 
pup from an uncomfortable position under the dam or relative 
to other pups (92, 154). Call rates of pup USVs and maternal 
responses to these calls are sensitive to drugs that target affective 
states, such as opiates, dopamine, and serotonin (92, 155, 156). 

Juvenile mice emit more complex USV patterns between 
weaning (PD 21) and adulthood. When a juvenile mouse is 
reunited with a conspecific after a period of social isolation, it can 
express an elevated level of social approach and emit a rapid rate 
of vocalizations. These USVs can be classified as syllables (vocal 
sounds separated by silence from other USVs) according to how 
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their fundamental frequencies are modulated (such as upward, 
downward, chevrons, and punctuated calls). These vocalizations 
can be remarkably complex interactions (99) and vary with mouse 
strain. For instance, juvenile mice of the B6 strain show a vig- 
orous social approach response and high number of downward 
modulated and punctuated calls relative to juvenile BALB mice. 
BALB mice express a higher rate of upward modulated calls dur- 
ing social union interactions (67). Interestingly, the pitch jumps 
between frequencies of punctuated syllables are more stereotyped 
among juvenile BALB mice and more varied among age-matched 
B6 (99), in line with the concept that BALB/c mice have many 
behavioral features relevant to autism (133, 134). Among adults, 
these complex call structures can also be sensitive to specific 
genetic mutations, such as BTBR (157). Like rat vocalizations, 
adult mouse USVs are responsive to mating access (158, 159), 
the odors of conspecifics (160, 161), and exposure to drugs, such 
as amphetamine (162) and alcohol (163). 

Odors: Mouse scents are also powerful social cues for mice. 
Information about age, sex, genetic background (164, 165), 
degree of kinship (166), and parasitic infection (167, 168) can 
be conveyed through odor. A mouse “marks” its urinary scent 
within its environment depending upon its own age, sex, and 
genetic background and depending upon the age, sex, and genetic 
background of another stimulus mouse in the vicinity of the test 
mouse (164). There are multiple behavioral responses to scent 
marking. Female urine applied to juvenile mice inhibits adult male 
aggression toward juveniles (169). When males are conditioned 
to express low levels of aggression, odors in their urine evoke 
lower levels of aggression from males and approach responses 
from females (170). Mice also avoid the urine of conspecifics 
that are distressed by shock (171) and parasitic infection (167). 
Interestingly, mice lacking a functional oxytocin gene (that mod- 
ulates social affect among humans and pair bonding among voles) 
cannot detect parasitic infections of other mice (148), suggesting 
the possibility that social motivation can influence the extent that 
a mouse can derive information from social interactions. Mouse 
social behaviors are even sensitive to odors that indicate whether 
another mouse was previously housed in a social or isolate 
environment (172). Odors of female mice also elicit complex pat- 
terns of ultrasonic calls from male conspecifics (173, 174). 

Movements and gesture: Visual cues can be useful for mouse 
social interactions. Visual cues are used in imitation, which 
has been studied in mice and is highly relevant to autism. 
In an ethological-relevant experiment, mice were allowed to 
observe other “demonstrator” mice respond to biting flies. The 
“observer” mice were then examined for their abilities to learn 
from their visual observations of demonstrator mice with bit- 
ing flies. The demonstrator mice were then tested in response 
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to biting flies that were surgically altered so that they were no 
longer capable of biting. After observation of the demonstra- 
tors, observer mice displayed both conditioned hypoalgesia and 
active burying responses in response to the altered flies. Thus, 
increased pain tolerance of observer mice in this paradigm was 
dependent on the experience of demonstrators being bitten. The 
learned active avoidance (burying) response was contingent on 
visual detection of a demonstrator actively burying itself in bed- 
ding to escape the biting flies (176). 

Mice can perform additional imitation tests, such as learning 
manipulation of a puzzle box (177) and how to swing a door open 
to obtain a food reward (178). In the latter experiment, male and 
female mice observed demonstrator mice open a swinging door 
that was hinged at the top and could swing either to the right or 
to the left to open. Observer mice showed lower latencies to open 
the door relative to naive controls. Further, male mice reliably 
were able to open the door in the same direction (to the right 
or to the left) as the demonstrator condition. An opaque barrier 
was sufficient to block this learning response (178). In these two 
measures of procedural learning, the ability to detect emotional 
cues is unlikely to play an important role. 

“Emotional contagion” among mice can be expressed when 
individual members of a dyad are subjected to different levels of 
paw irritation. Mice express degrees of paw licking that is directly 
correlated with the concentration of irritant injected into the paw. 
When two mice are injected with different concentrations of the 
irritant, they experience different levels of pain and lick them- 
selves at different levels. Importantly, when these individuals are 
placed adjacent to each other, the response of one of the mice 
influences the response of the other. This bidirectional response 
to differences in pain response indicates an ability to adjust indi- 
vidual responses according to the emotional cues of a distressed 
conspecific (175). 

Cross-modal integration: The ability to regulate social inter- 
actions or to develop rewarding social interactions may require 
an appropriate mix and timing of specific motor patterns, vocal- 
izations, scent markings, and other expressive cues. ASD likely 
involves not only deficits in the use of individual modalities of 
nonverbal cues, but also in their expressive cross-modal integra- 
tion; that is, deficits in their synchronous, linked usage. Temporal 
relationships and linkages between movements, vocalizations, 
motor, and spatial patterns of approach/withdrawal behaviors 
might also be impaired in mouse models of ASD. 

To determine if a test mouse appropriately regulates its social 
interactions, we could ask how mice respond to the test mouse’s 
quality of approach or withdrawal. For instance, mice that lack a 
functional fragile-X gene (fmr1) can show enhanced (72, 179) or 
diminished (180) social approach relative to wild-type controls, 


172 Lahvis and Black 


1.8.2. Failure to Develop 
Peer Relationships 


1.8.3. Lack of Social or 
Emotional Reciprocity 


depending upon experiments approach (for overview, see (181)). 
These apparent differences might all be indications that the target 
gene (fmr1) allows a mouse to regulate its social interactions with 
others. It may be possible that poorly regulated social behaviors 
are aversive to a “reference” mouse. In this case, the behavior of 
the reference mouse in response to the test mouse might be a very 
useful behavioral measure of the test mouse. We can then examine 
whether the test mouse expresses an atypical pattern of social cues 
toward the reference animal. 


An important deficit in ASD is the failure to develop peer rela- 
tionships. While this process is obviously complex in humans, use 
of the social conditioned place preference (CPP) test can be used 
to determine the extent that a mouse values a peer relationship. 
If a mouse finds a social interaction rewarding, it would bring 
forth, via association, a preference for the environment paired 
with access to other juveniles. Juvenile B6 mice express a social 
preference in a CPP test, whereas BALB/cJ appear indifferent 
(Fig. 7.1). For example, by changing test conditions, we can ask 
whether a mouse prefers to spend time in environments associated 
with social interaction or avoids environments paired with social 
isolation. We can ask whether a mouse of a specific genetic back- 
ground, or lack of a functional allele, values access to other sim- 
ilar mice or mice of a different reference strain. If the test strain 
shows no preference for environments paired with social access 
to other members of the test strain, we can ask more targeted 
questions to determine whether the test strain lacks a preference 
for social encounter or whether the experience of housing with 
the test strain is not rewarding. For example, individual test mice 
might find access to mice of another genetic background or tar- 
geted allele rewarding. Conversely, reference mice that express 
strong social reward (130) might avoid environments associated 
with the presence of the test mouse. By utilizing social groups 
that contain mixed strains, we can dissociate these effects. As with 
all behavioral experiments, these measures require several con- 
trol experiments to rule out more general cognitive or motivation 
deficits. 


Reciprocity is a more nuanced aspect of social interaction but 
aspects of emotional and social reciprocity are measurable in 
children with ASD and might be assessed in mice. There are 
numbers of ways to clinically assess reciprocity: One diagnostic 
approach for young children is to feign distress and ask whether 
the child orients toward the clinician “distressed” by, for example, 
feigning to burn her fingers with a match as she lights a candle. 
The clinician makes an exclamation that indicates surprise or pain 
and an expectation of a response from the child (see modules 1 
and 2 of the ADOS) (182). A typically developing child looks 
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toward the clinician, usually with a nonverbal or vocal empathic 
response. Children with ASD often fail to express a response to 
feigned distress (183, 184). 

Are there analogous measures of the feigned distress test for 
mice? A modification of the fear-conditioning procedure can be 
used to assess whether observer mice orient toward shock-startled 
mice and whether these observer mice can subsequently become 
fearful of cues that predict this shock based upon their expe- 
rience of a conspecific undergoing fear conditioning (185). By 
using a mouse model of cue-conditioned fear, a series of experi- 
ments can be conducted to determine whether exposure to con- 
specific distress influences how a mouse subsequently responds to 
environmental cues that predict this distress. In a standard fear- 
conditioning procedure, a neutral stimulus, such as a tone (con- 
ditioned stimulus, CS), is presented forward paired with an aver- 
sive stimulus, such as an electrical shock (unconditioned stimulus, 
UCS). Upon repeated administration of the paired CS-UCS, the 
mouse expresses a fear response (they freeze). 

Using this approach, we asked whether B6 and BALB strains 
express differences in the abilities to detect distress in others, 
whether they show a differential fear responses to the tone after 
they observe other “demonstrator” mice experience the tone- 
shock contingency (see Fig. 7.2). Test mice were placed in the 
rooms adjacent to the fear-conditioning chambers, separated 
by metal bars, after they had themselves experienced shock in 
the demonstrator chambers. The demonstrator mice were then 


fear conditioned 
mouse 


observer mouse 


Fig. 7.2. An observer “subject” mouse experiences a demonstrator “object” mouse 
undergo fear-conditioning trials that involve a 30-s tone that ends with a 2-s shock, 
repeated at 2-min intervals. Mice are separated by two sets of metal bars. All bars 
lining the object mouse chamber are live whereas bars lining the subject chamber did 
not carry electric current. Both subjects and objects were exposed to the CS (tone), but 
only objects directly experienced the UCS (shock) during conditioning trials. Subjects 
had access to object distress cues that were emitted as a consequence of receiving the 
UCS. 
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1.8.4. Lack of 
Spontaneous Seeking 

to Share Enjoyment with 
Other People 


1.9. Conclusion 


exposed to a 30-s tone that ended with a 2-s mild shock. After 
90 s, this tone-shock contingency was repeated. Demonstrator 
mice might be considered analogous to a clinician feigning dis- 
tress. When B6 and BALB mice observed other mice undergo 
fear conditioning, both strains oriented toward the demonstrator 
mice while they were shocked. When placed back into the shock 
chambers, only B6 mice expressed a freezing response in response 
to hearing the tone-only. In other words, B6 mice expressed a fear 
response to a tone that was conditioned by administering a mild 
shock to other conspecifics. BALB mice, though they oriented 
toward the demonstrator mice during shock administration, did 
not acquire a fear response to the cue that predicted this shock. 

The enhanced fear learning response in B6 mice could also 
be reproduced by playbacks of recorded vocalizations of mice 
distressed by shock concurrent with hearing the 30-s tone. By 
playing back distressed vocalizations of the demonstrator mice, 
we found that these vocalizations were sufficient to condition the 
tone for B6 mice. The lack of a BALB response could be due 
to inherent emotional insensitivity to vocalizations of distressed 
mice. This test has considerable translational validity, as heart rate 
deceleration was also expressed in B6, but not in BALB mice. 
The depression of B6 heart rate that accompanies the playbacks 
of vocalizations from distressed mice also occurs when children 
detect distress among others (58) allowing us to make inferences 
to the emotional state of this strain. 


There may not be precedent for behavioral studies of a mouses’s 
ability to indicate attention towards objects of interest. It is 
entirely possible that mice do not express vocalizations or gestures 
that engender sharing of enjoyment. However, some manipula- 
tions might be informative. For example, mice may emit different 
vocalizations when they are introduced to one another after an 
individual has been placed in a novel-enriched environment rela- 
tive to the other mouse. Perhaps experiments in which individuals 
are differentially exposed to a novel stimulus and then reintro- 
duced will have valuable effects. 


We argue here for greater awareness of the potential to observe 
a much wider range of behavioral features in mice; features 
that correspond to the many documented behavioral features in 
ASD — than is addressed with conventional methodologies. In 
this regard, we hope to capitalize on human diagnostic tools 
that do not directly involve perceptual and clinical judgment, but 
utilize more automated forms of assessment. Such tools would 
augment both clinical assessments and accelerate translational 
research efforts. Just as urgent, such “automated bridge tools” 
should have a foundation in clinical expertise. They should also 
target behaviors that are truly comparable in mice and humans 
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and reflect upon core issues of the disorder. For instance, mouse 
deficits in “sociality” may be easy to observe and measure, but 
they are not equivalent to human deficits in “reciprocal social 
interaction.” This looseness in translation can lead to substan- 
tial problems. Clearly, mice are capable of many social behaviors 
that are relevant to autism, which can complement and help us 
to understand measures of social approach behaviors. Ongoing 
dialogue between clinicians and research scientists will provide an 
essential translational stepping stone to further advances in autism 
research, particularly in the area of expression of and receptivity 
to emotion. 


2. Methods 


2.1, Social 
Interaction (SI) Test 


Purpose: This test examines whether a mouse expresses normal 
patterns of approach toward a mouse that has been introduced to 
its cage. 

Test arena: The standard housing cage where the isolated test 
mouse resides in social isolation in a fresh cage with fresh bedding. 


Preparation: The test mouse is socially isolated prior to testing 
to engender a vigorous social approach response toward a stimu- 
lus mouse. The test mouse is isolated from its social group into 
a clean cage containing fresh bedding without nesting material. 
SI testing is conducted during the dark phase under dim red illu- 
mination in a sound-dampened room. 


Social isolation should not exceed 24 h. The duration of social 
isolation can be as short as 6 h if isolation is experienced during 


the dark phase (see (95)). 


Test procedure: Near the end of the social isolation period, mouse 
cages are transported from the colony room to the procedure 
room, maintained under dimly lit or dark conditions. This transfer 
should occur at least 30 min prior to testing. 


This test measures the response of the “test” mouse to a 
“stimulus” mouse that is introduced to its cage. Juvenile mice 
are collected from weaned social groupings that contained fixed 
sex ratios of four animals each. Two mice from each group 
are randomly designated as test mice, while the remaining indi- 
viduals serve as stimulus mice. Then both test mice and stim- 
ulus mice are isolated for 24 h in this test. Stimulus mice 
should not be reused for multiple tests, unless it is with the 
same test mouse on different days. To determine whether the 
test mouse expresses normal social regulation, the responses 
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of the stimulus mouse toward the test mouse can also be 
assessed. 

The top of the cage containing a test mouse is replaced with 
transparent Plexiglas® 5-10 min before testing begins. The over- 
head video camera is turned on and the video capture software 
(such as Windows Movie Maker) is activated. The stimulus mouse 
is then removed from its own cage and added to the cage where 
the test mouse resides. The amount of social investigation that the 
test mouse directs toward the stimulus mouse is recorded during 
a 5-min period. Behaviors are video-recorded (we prefer 3CCD 
mini-DV cameras with a firewire port) and transferred via firewire 
to a computer for additional analysis. 

Ultrasonic vocalizations (USVs) can also be recorded. We use 
an ultrasound microphone (UltraSoundGate model CM16, Avi- 
soft Bioacoustics, Berlin, Germany) with a 10—-180-kHz flat fre- 
quency range. The microphone is lowered to the plane of the 
cage top, where there is a small opening (30 mm diameter) cen- 
trally located within the Plexiglas® cage cover. USVs are collected 
with an UltrasoundGate 116 acquisition system and the Avisoft- 
Recorder v.2.97 (Avisoft Bioacoustics) and stored as “wav” files 
for subsequent analysis. 


Video analysis: Behavioral variables include 
e sniffing or snout contact with the head/neck/mouth area, 


e sniffing or snout contact with the flank area, 
e direct contact with the anogenital area, 


e social pursuit within one body length as the stimulus mouse 
moves around the cage, and 


e social grooming. 

These variables are typically highly correlated and com- 
bined into a composite measure of SI. However, they should be 
reviewed first as individual variables to identify possible behav- 
ioral anomalies. Additional features of social interaction that can 
be recorded include social proximity (i.e., mice within one body 
length of each other without movement or direct contact) and 
“jerk-and-run,” a play-like behavior but these behaviors are infre- 
quent and highly variable among pairs of mice and therefore not 
considered in the comparisons of SI. 

All behaviors are scored in duplicate with the aid of computer- 
assisted analysis software that tabulates the duration, frequency, 
and order of depression of keys on a computer keyboard (we use 
ButtonBox v.5.0, Behavioral Research Solutions, Madison, WI, 
USA). A trained observer punches keys during the test (or record- 
ing of the test) to tally the occurrence of different social behaviors. 
In all cases, behaviors are scored twice, during a subsequent “off- 
line” analysis session by a different observer blind to the age and 
gender of the interacting mice. The presentation of all SI data and 


Social Interactions in the Clinic and the Cage 177 


statistical outcomes are based on an average of two independent 
measurements (inter-rater reliability, as determined by Pearson’s 
correlation, should exceed 0.90). 

The social behaviors of stimulus mice can also be included in 
the behavioral analyses. 


Audio analysis. Spectrograms can contain a tremendous amount 
of ultrasonic vocalizations (USVs) when juvenile mice are 
reunited after separation. These USVs are complex. The ultimate 
utility of these calls for survival and reproduction purposes has 
been shown in elegant studies of male courtship vocalizations 
and the female responses to these calls. Mouse vocalizations have 
proximate value in conveyance of emotional information, indi- 
cated by their associations with social reward and fear learning 
and their responsiveness to drugs that modulate affective states 
(186). 

Small segments of vocal recordings can be manually assessed, 
such as the first 10-s interval of each minute during an SI test for 
all pairs of mice tested. Quantitative analysis can be conducted 
with various programs. We use SASLab Pro (Avisoft Bioacoustics, 
Germany). A 40-kHz band-pass filter can help minimize back- 
ground noise during recordings, though most “wav” files still 
contain a considerable amount of “non-USV” signal that com- 
promised the accuracy of the automated parameter measurement 
functions available within the SASLab Pro software format. Thus, 
extraneous noise is identified and removed from all of the sono- 
grams. 

When a rater finds an ultrasound signal that is difficult to 
interpret, the call can be evaluated by a minimum of one addi- 
tional, trained observer and identification required a consensus 
by all raters. Each spectrogram is then evaluated with a series of 
automated parameter measurements that tally the total number 
of USVs produced, USV duration, the mean dominant frequency 
of a USV, and the inter-vocalization interval (see (100)). Interpre- 
tation of vocal signals can involve assessments of mouse behavior 
in response to playbacks (186, 187). 


SI controls: It is always important to consider alternative explana- 
tions for an atypical level of social approach behaviors. 


Locomotion: An alternative explanation for a mouse that shows 
diminished social approach behaviors toward a stimulus mouse 
exploring the test cage is that it has impaired locomotor abilities. 
Locomotion should be independently assessed to consider this 
possibility in an open field under red-light conditions. 


Approach toward a change in environment: One possibility is that 
the test mouse under consideration differs from a control mouse 
because it approaches all changes in environmental context, not 
only changes in social context, with added or diminished vigor. 
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2.2. Sociability 
and Preference for 
Social Novelty Tests 


One suggested test is to examine a mouse response to a novel 
olfactory stimulus. In such a test, the test mouse is socially isolated 
for the same duration of time used for the social interaction test, 
but rather than present the mouse with a stimulus mouse, the test 
mouse is presented with a scented cotton ball (for example, with 
500 ul lemon extract). Then, olfactory investigation, including 
contact, active manipulation or sniffing (<10 mm) the cotton ball, 
is measured. 


Consumption rate of rewards: Another consideration is that the 
test mouse differs from a control mouse because it consumes 
all rewards differently, not just social rewards, differently than 
the reference mouse. For instance, there may be a difference 
between the vigor with which a knockout and wild-type mice 
eat food or approach and sniff another young mouse. Two days 
after testing for investigation of a novel olfactory stimulus, mice 
can be re-isolated into a clean cage and food-deprived during a 
24-h social isolation period. Then, each mouse is provided with 
a single pellet of standard lab chow on the floor of its cage 
and the total amount consumed within a 10-min period can be 
measured. 


Aberrant nonautistic-like social behaviors. It is possible that 
mice could express atypical social phenotypes that are not rel- 
evant to autism, but are relevant to social impairments that 
accompany shyness, depression, or attention deficit disorder. 
A social approach test cannot distinguish between these pos- 
sibilities. The social reward test provides some insight into 
the question of whether motivations for social interaction 
are valuable here. Finally, a core phenotype of autism social 
interaction is the inability to regulate its social interactions. 
In this case, it can be informative to examine the social 
behaviors of the stimulus mouse for aggressive or avoidance 
behaviors. 

It is essential to recognize that this test, like all of the tests 
described in this chapter, should be used as one of a panel of mea- 
sures, to avoid the possibility of interpreting the lack of an atypical 
mouse response as a lack of social deficit. For instance, if a mouse 
strain does not express an abnormal response to this test, it may have 
still express anomalous patterns in sociability, social reward, or social 
transmission of fear. 


These tests are useful for identifying mice that have abnormali- 
ties in their approach behaviors toward either (a) other mice ver- 
sus an object (sociability) or (b) toward familiar versus unfamiliar 
conspecifics (preference for social novelty). 

Purpose: These tests can rapidly assess two measures of mouse 


social behavior with minimal preparation (short habitation and 
no conditioning) of the test mouse and by automated tallies of 


2.3. Social 
Conditioned Place 
Preference (SCPP) 
Test 
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mouse movements, providing a valuable screen or comparison of 
multiple mouse strains for atypical social behaviors. 


Test arena: Mice move freely through a three-chambered struc- 
ture through doorways that contain embedded photocells that 
detect directional movement. Stimulus mice are confined within 
small cages that are placed within the outside chambers. 


Habituation: An empty wire cage is placed in both side cham- 
bers. A weight is placed on top of each wire cage to prevent a 
mouse from climbing them. The test mouse is placed in the mid- 
dle chamber and allowed to explore the test arena. 


Test procedure: After habituation, the test mouse is enclosed in the 
center compartment of the test arena. Doors between chambers 
are opened, allowing the test mouse to explore the test arena. In 
the sociability test, the test mouse is presented with an unfamil- 
iar mouse placed in one chamber versus a novel object (an empty 
wire cage) in the opposing chamber. The position of these stim- 
uli is counterbalanced across tests. In the social novelty test, the 
test mouse chooses between familiar and unfamiliar mice placed 
within opposing chambers. 


Analysis. The automated measure in this test is the duration that 
a test mouse occupies each chamber and the number of entries to 
each chamber. Other measures that can be obtained from video- 
tape include time spent sniffing cages. Controls for olfaction are 
necessary. See original papers for greater detail (188-190). 


Purpose: To determine whether a test mouse that shows dimin- 
ished or enhanced social approach indicates differences in their 
experience of social reward or isolation aversion. 


Conditioning: Every 24 h, the conditioning procedure entails 
a predictable alternation of the home cage living situation with 
respect to its social and nonsocial stimulus characteristics. 

The first 24-h period of conditioning follows weaning, in 
which four mice (two per gender) are housed together in a stan- 
dard home cage that contains one of two sets of novel envi- 
ronmental cues that are discernable by bedding and the pres- 
ence of distinct kinds of PVC couplers (threaded and smooth) 
that are available at hardware stores. One conditioning environ- 
ment (“paper”) includes pelleted paper bedding, two schedule 40 
1” polyvinylchloride (PVC) couplers, and nesting material. The 
second conditioning environment (“aspen”) included aspen shav- 
ings, two schedule 40 1” PVC threaded couplers, and nesting 
material. The particular bedding used, whether corn-cob, paper, 
wood shavings, or something else, is not important so long as the 
mouse does not have a strong preference for either of the two 
beddings after conditioning for 10 days with no social contin- 
gency: as groups moving back and forth between the beddings. 
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Some animal facilities routinely use corn-cob beddings for mouse 
housing. Others use paper. However, it is crucial that: 


e beddings are used to establish SCPP, providing a comfortable 
environment to establish social bonds, 


e beddings used for the SCPP test are novel to the test mice, 
not experienced during rearing, 


e mice do not have a strong preference for either bedding 
(control 1) but can discern them (control 2), 


e tunnels are placed in the conditioning and test environments 
to provide a more complex environment. 


During the second 24-h period, which follows 24 h of social 
housing, mice are socially isolated in a second novel home cage 
environment. During the third 24-h period, mice are returned to 
their social group, again placed in the bedding associated with 
social housing during the first day of conditioning. This pattern 
of alternating housing and social context every 24 h is repeated 
for a total of 10 days. The conditioning context (social or isolate 
housing) is always counterbalanced relative to its pairing with the 
home cage environment (aspen or paper bedding). Mice always 
began the conditioning phase of the experiment in a social group, 
making social isolation the default housing condition for the 24-h 
period prior to social conditioned place preference (SCPP) 
testing. 


Very importantly, clean bedding, nesting material, and PVC 
tubes are provided for each conditioning session. 


A 24-h duration of conditioning session produces a strong 
social conditioning response in juvenile mice. Use of shorter social 
conditioning sessions (e.g., 30-60 min) may result in smaller 
and more variable conditioning effects. The decision not to use 
shorter conditioning sessions also eliminates potentially compli- 
cating factors that result from maintaining mice in continuous 
isolate housing outside of the conditioning environments. 

On the final day of conditioning, individual mice are 
allowed to freely explore the three-compartment testing arena 
(300x150x150 mm/compartment) for a 15-min habituation 
period with no conditioning cues present (habituations took place 
at 1,400-1,600 under dim red light). 


Test procedure: On the test day (PD 30-35), an individual mouse 
is placed in the central compartment of the testing arena (where 
no conditioning cues were present) and clean beddings of the 
alternate environments are available in the opposing side cham- 
bers. Its movement throughout the arena is videotaped for a 30- 
min period. The spatial location and locomotor activity of indi- 
vidual mice are monitored. Litter size, sex bias within each litter, 


2.4, Receptivity to 
Fear (Empathy) Test 
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and maternal experience (primiparous vs. multiparous) are noted 
and their relationships to SCPP responses are also assessed. 


Analysis. The time spent in each compartment (peripheral com- 
partments contained the socially paired and isolation-paired bed- 
dings, respectively) and the number of transitions made between 
each compartment were quantified during a subsequent off-line 
analysis. Preference scores are calculated as the duration a mouse 
spent in the aspen bedding-lined compartment minus the dura- 
tion spent in paper bedding-lined compartment. Videos are rated 
at 2x speed and then converted back to real time. 


Controls: baseline preferences for the novel environments (i.e., no 
conditioning): To evaluate whether juvenile mice developed a 
preference for a particular bedding (such as aspen or paper) irre- 
spective of a contingency after multiple conditioning sessions, a 
place preference test can be run after mice experience each envi- 
ronment without associated changes in social environment. Mice 
are handled according to the CPP procedure described above, 
but remain together in a social group as they are moved daily 
between the aspen and paper home cage environments. Environ- 
ments on the first day of conditioning are counterbalanced across 
all groups to control for the possibility that environmental pref- 
erences of mice are sensitive to the environment experienced on 
the day prior to place preference testing. In other words, envi- 
ronment preferences for mice tested following 24 h in aspen are 
compared with those of mice that had spent 24 h in paper prior 
to testing. 


Abilities to distinguish the bedding environments: This experiment 
is designed to control for the possibility that strain-dependent 
differences in SCPP are attributable to a more general differ- 
ence in the ability of juvenile mice to establish a contextual 
association between the home cage environment and a reward- 
ing or aversive stimulus. Following the conditioning proto- 
col described above, groups of mice experience the two dif- 
ferent environments every 24 h, paired with either ad libitum 
access to standard lab chow or with complete food depriva- 
tion. Mice begin the conditioning phase of this control exper- 
iment in the food-paired environment, so that CPP testing 
always occurs after 24 h of food deprivation. Weights for all food- 
deprived mice are monitored and compared with the weights of 
mice that are maintained under free-feeding conditions. Weights 
should not fall below 85% of free-feeding weights. 


See original paper for greater detail (130). 
Purpose: To determine whether a mouse can become fearful of a 


specific environmental cue that has been conditioned by its associ- 
ation with the distress vocalizations of another mouse. In this test, 


182 


Lahvis and Black 


we utilize the terms “object” and “subject” mice. These terms are 
used extensively in the empathy literature and refer, respectively, 
to the individual receiving the distress (object) and the individual 
being tested (subject) for the ability to detect or respond to the 
distressed object. 


Test arena: The fear-conditioning arena contains a “demon- 
stration” compartment (130x165x150 mm) and two adjacent 
“observation” compartments (130 82.5150 mm per observa- 
tion compartment) see Fig. 7.2. This arena can be fabricated 
from ABS plastic and Plexiglas® or purchased from Cleversys, 
Inc., Reston, VA. The floor and one wall of the demonstration 
compartment are lined with a shock grid composed of stainless 
steel dowels (3.2 mm diameter) spaced 9.6 mm on center. The 
wall separating the observation and demonstration compartments 
consists of two sets of horizontal steel dowels that extend verti- 
cally 75 mm from the floor. This wall allows subjects to smell and 
hear objects, but eliminates the possibility of direct contact with 
the objects or the shock. Scrambled current is provided to the 
dowels lining the demonstration compartment, but current is not 
provided to steel dowels lining the observation compartments. 
Within the observation compartments, floors are also lined with 
inactive stainless steel dowels. An opaque plastic wall separates 
each observation compartment. The conditioned stimulus (CS) 
is a tone that can be delivered through computer speakers. The 
unconditioned stimulus (UCS) is a scrambled electrical shock that 
can be delivered via various devices produced for mouse and rat 
studies. 


General considerations: All aspects of the behavioral test (habit- 
uation, conditioning and testing) are conducted under dim red 
illumination (30-40 1x) during the dark phase of the light-dark 
cycle. Cages containing the subjects and objects are transported 
from the mouse colony under dimly lit or dark conditions at least 
30 min prior to the beginning of all phases of the conditioning 
protocol. 


Habituation: For most experiments, subject mice lived together 
prior to conditioning. Individual subjects are habituated to 
the fear-conditioning arena for a 5-min period followed by 
presentation of a single 2-s shock. Mice are then returned singly 
into a clean cage. 

Conditioning: After completion of the habituation sessions for 
two subject mice, two age-matched objects are randomly selected 
from a cage and placed together in the demonstration compart- 
ment. Two subjects that include same-sex individuals of the test 
animal and control conditions are then placed separately into the 
observation compartments. Home cages that contain the remain- 
ing subjects and objects are removed from the procedure room 
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while their cage mates are pre-exposed to object mice receiving 
conditioning. 


Object mice receive ten consecutive 120-s trials under one of 
several conditioning schedules while subjects remain in adjacent 
observation compartments where they do not receive the UCS. 
The conditioning apparatus is always cleaned very thoroughly 
with 70% ethanol before introducing new subjects /objects to the 
conditioning apparatus. Enzymes to remove urine are also recom- 
mended. 


See Fig. 7.3 for conditioning schedules. 


30-s tone 


rs 


2-s shock 


30-s tone 
Fig. 7.3. The conditioning schedule for demonstrator mice includes three controls. The 
experimental condition is that the CS is forward paired with the UCS. Controls include 
an unpaired CS and USC, CS-only, and UCS-only. Mice that are receptive to the fear of 
others will show a strong response to the paired CS—UCS contingency, but will also likely 
show a greater fear response after experiencing object mice exposed to the UCS under 
the control conditions. 


Following the first pre-exposure session, subjects and objects 
are re-grouped within their respective home cage. The next 
day subjects received another pre-exposure session as objects 
undergo another series of ten conditioning trials and then they 
are removed from the procedure room for 15 min. 


Test procedure: Approximately 15 min after the second condition- 
ing session, subjects are evaluated in the fear-conditioning arena. 
Each subject is placed singly into a clean cage and one subject is 
tested in the procedure chamber at a time. Test and control sub- 
jects are tested in a random order. Testing entails placing an indi- 
vidual subject in the fear-conditioning arena and then the freezing 
behavior of the subject is measured in response to 9 consecutive 
CS-only (tone) presentations followed by 11 consecutive presen- 
tations of the CS forward paired with the UCS (shock). Thus, 
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freezing during test trials 1-10 occurs in response to presenta- 
tion of the tone-only, whereas freezing on test trials 10-20 occurs 
in the context of direct presentation of the tone-shock contin- 
gency. All testing sessions are videotaped and transferred via a 
firewire cable directly to a computer for additional analysis. The 
conditioning apparatus is always cleaned thoroughly with several 
washes of 70% ethanol before introducing new subjects/objects 
to the conditioning apparatus. The duration of freezing behav- 
ior can be assessed by a trained observer with a stopwatch or by 
automated approaches. 


Controls. To assess how exposure to social distress subsequently 
influences freezing behavior, it is essential to evaluate the freezing 
responses of test mice in response to direct presentation of the CS 
and the paired CS—UCS. Specifically, test mice should be placed 
individually in a fear-conditioning arena and presented with the 
CS-only (the CS was 30-s tone) for ten consecutive trials. Ide- 
ally, their freezing responses should be minimal; indicating that 
presentation of the CS is not salient without conditioning. 


To assess whether test mice are responsive to fear condition- 
ing, they should be assessed by measuring their freezing responses 
to CS forward paired with the UCS (a 2-s shock). Across succes- 
sive conditioning trials of ten consecutive trials, test mice should 
express longer freezing responses. 


To assess whether the test subject mice detect cues in 
the demonstration compartment, head orientations and freezing 
responses of subjects can be assessed during exposure to object 
distress. To obtain estimates of subject head orientations, freeze- 
frames of video recordings can be compared in the 1 s immedi- 
ately prior to the presentation of the tone to objects versus imme- 
diately after the presentation of the tone and the shock to the 
objects. The longitudinal axis of the subject’s head, running paral- 
lel with the sagittal midline, can be referenced at 15° increments. 
A 0° head orientation is defined by the longitudinal axis of the 
subject’s head forming a right angle with the wall separating the 
observation and demonstration compartments. 

Freezing responses of subjects during object distress can also 
be evaluated if the observation compartment is of sufficient size 
(such as 130x165x150 mm). Subjects are habituated to this 
observation compartment for 10 min (without objects present) 
on the day prior to testing. On the day of testing, two object 
mice are placed in the demonstration compartment and 1 subject 
mouse is placed in the observation compartment. Object mice 
then receive a 2-s shock every 120 s. 

To assess whether the vocalizations are sufficient to engen- 
der a freezing response to the conditioned cue, recordings of 
object vocalizations during UCS presentation can be reproduced 
for subjects through an ultrasound-capable speaker (such as Ultra- 


Acknowledgments 


References 


Social Interactions in the Clinic and the Cage 185 


SoundGate ScanSpeak, Avisoft Bioacoustics) situated in or adja- 
cent to, the demonstration compartment. To obtain recordings 
of vocalizations without enclosure-induced distortions, demon- 
strator mice should be tethered to an open shock grid (or be 
placed on a grid with low walls) and exposed to the UCS. Several 
recordings should be sampled. During the pre-exposure sessions, 
subjects are then exposed to ten consecutive CS-vocalization 
forward-pairings per session (randomly selected vocalizations are 
paired with the CS without substitution during each pre-exposure 
session). Vocalizations should be played back at 85-92 dB. In 
this case, subjects are exposed to the distress vocalizations of 
object mice, but not to objects directly. Following the second pre- 
exposure session, subjects are assessed as previously described. See 
original paper for greater detail (185). 
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Chapter 8 


The Experimental Manipulation of Uncertainty 


Dominik R. Bach, Christopher R. Pryce, and Erich Seifritz 


Abstract 


Uncertainty is an important concept in neuroscience: due to its relevance in everyday life, because of 
theoretical significance for neurocomputational models, and clinical implications. A body of empirical 
research has tackled fundamental questions about how uncertainty is represented in the brain and what 
impact it has on behaviour. In this chapter, we review how uncertainty on different variables can be 
studied in isolation and how it can be quantified. Building on theoretical and empirical work that has been 
carried out so far, we propose rigorous experimental designs that should help in testing and understanding 
uncertainty and its translational relevance to adaptive behaviour and affective disorders. 


1. Introduction 


Research about uncertainty has received increasing interest over 
the last decades. Indeed, uncertainty is one of the main constants 
in life. For any organism, nothing is ever certain. Any perception, 
any representation of external states, or any computation bears 
imprecision. Humans often have a conscious notion of this uncer- 
tainty, humans and animals behave as if they know about it, and 
behaviour has been shown to be more optimal when uncertainty is 
taken into account. This has raised the question of whether there 
is a specific representation of uncertainty in the brain and how and 
where this is organised. Such research questions embrace a clin- 
ical perspective which posits that, for example, disorders in the 
schizophrenic spectrum are characterised by a fundamental mis- 
representation of uncertainty, arising through increased stochastic 
noise in neural circuits (see, e.g. 1), and on a higher cognitive level, 
maladaptive styles of coping with uncertainty could be crucial, for 
example, in generalised anxiety disorder (see, e.g. 2). 
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The bulk of uncertainty literature, starting in the 1950s and 
1960s, takes the form of research into the effects of a situa- 
tion where, e.g. aversive events are uncertain, or unpredictable, 
as opposed to another situation where they are certain, or pre- 
dictable. This view posits discrete psychological states associated 
with the presence, or absence, of uncertainty and has advanced 
our understanding of clinical conditions such as depression and 
anxiety. It does, however, not address the fact that uncertainty 
is ubiquitous and its fundamental role in guiding (and possibly 
misguiding) behaviour. 

This role is acknowledged by more recent research topics 
which evolved from areas as diverse as behavioural economics, 
theoretical neuroscience and machine learning. They try to pin 
down ow uncertainty on many different quantities is detected, 
represented in the brain and used to guide optimal behaviour. 
These approaches require a finer understanding, and more careful 
experimental manipulation, of uncertainty, where the fundamen- 
tal issue is its definition and quantification. 

An exhaustive theoretical treatment of uncertainty is beyond 
the scope of this chapter. Here, we seek to summarise existing 
approaches, and make them available to interested researchers, by 
giving a brief introduction into fundamental concepts of uncer- 
tainty from probability theory, reinforcement learning, percep- 
tual decision-making and economics. Some of the distinctions and 
definitions we make may be perceived as subtle, but they pertain 
to very fundamental issues of brain function and can be exciting 
to study. 

Several computational theories of brain function are based on 
probabilistic concepts and thus naturally account for uncertainty 
on many levels at the same time. They are based, for example, on 
the framework of predictive coding or on empirical Bayes meth- 
ods (see sensorimotor control theory (e.g. 3), models of visual 
cognition (e.g. 4), the free energy principle (5), and others). 
Drawing on such theories, one can freely vary sensory inputs and 
estimate uncertainty on different quantities. Such estimates can 
then be related to measured brain functions or behaviour. How- 
ever, this strategy rests on the assumption that the model one 
is using accurately describes brain function, which is necessarily 
speculative. This motivates the need for the isolated investigation 
of different forms of uncertainty. In this approach, one seeks to 
vary uncertainty on one quantity and carefully keep it constant 
on other quantities. This is the approach that we propose here. It 
revolves around two central premises: 

(1) There is no unitary account of uncertainty — uncertainty 
is always about something, and it can be about different 
things. What we are uncertain about is important because 
it shapes the way behaviour is organised. For example, the 
occurrence of electric shocks with uncertain onset might 
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make it optimal to move as little as possible in order to save 
energy (i.e. freezing in context conditioning) (6). On the 
other hand, the presence of a shadow at night with uncer- 
tain significance might require approaching it and having a 
closer look (i.e. risk assessment behaviour) (7). On a neu- 
ronal level, it has been proposed that uncertainty is coded 
in a common way for different variables we are uncertain 
about: population coding (i.e. uncertainty is represented in 
the pattern of a neural population) (8), fixed-form coding 
(i.e. uncertainty is directly represented as a discrete quan- 
tity) or implicit coding (i.e. uncertainty is calculated from 
the mean of some quantity) (5). However, if such a com- 
mon principle exists, it will probably be implemented in dif- 
ferent brain areas and neurotransmitter systems, and bear 
different behavioural consequences, depending on what we 
are uncertain about. 


Uncertainty can be quantitatively measured — therefore 
experiments on uncertainty can and should continuously 
manipulate uncertainty along a continuum from low to 
high, instead of contrasting it with certainty. Although 
the latter approach has many merits and forms the bulk 
of literature in many areas, uncertainty often is a psy- 
chologically salient feature such that a direct contrast of 
uncertainty and certainty encompasses processes that are 
theoretically unrelated to uncertainty. As an example, we 
have recently shown that brain responses that appeared 
to be caused by uncertainty about outcome contingen- 
cies (9) were not strongest when uncertainty was high- 
est. Instead, they only occurred when it was made clear 
to subjects that the (uncertain) outcome rule was pre- 
determined and hidden, such that it was known with cer- 
tainty to the experimenter, perhaps implying that it was 
thus potentially knowable for the subject as well. This 
points to social factors and qualitative behavioural strate- 
gies as key sources for this brain activation and demon- 
strates that the direct contrast of uncertainty with certainty 
can be difficult to interpret (10, see for a discussion (11)). 
Recent attempts have been made to disambiguate a cate- 
gorical manipulation of uncertainty from confounding vari- 
ables (12), however, it seems more promising to investi- 
gate uncertainty by experimentally varying it continuously. 
Not only does this provide a dose-response relationship; 
but it also forces the researcher to conceptualise why uncer- 
tainty should be represented in the brain and by which sta- 
tistical rule. This provides for a deeper understanding of 
the underlying processes than a merely phenomenological 
approach. 
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2. Uncertainty 
in a Hierarchical 
Model of Action 


For every quantity represented anywhere in the brain, we can 
define and investigate its uncertainty. In order to make this chap- 
ter tractable, we group related uncertainty manipulations into 
four levels of a decision-making process; the idea is to give a 
heuristic framework while acknowledging that these groups do 
not form exclusive or coherent processing levels. 

If we imagine an action episode, uncertainty can arise at 
various stages. In the first place, perceptual information needs 
to be processed to provide relevant information. At night, we 
might be uncertain about what we see. Such perceptual uncer- 
tainty thus arises, for example, from incomplete sensory informa- 
tion or lack of attention. Next, perceptual information is used 
to infer facts about the situation we are in. Are we on a busy 
road in London, or in New York or at a friend’s party? Uncer- 
tainty about the state (or context) can put us into uncomfortable 
situations, as the context often prescribes certain rules accord- 
ing to which we behave. But are we certain about these rules? 
This might be the first party we attend in a town we recently 
moved to, and even though we know where we are, that does not 
imply that we know precisely how to behave. Uncertainty about 
rules is a typical initial condition in reinforcement learning. But 
then, at the end of learning, we might still not precisely know 
what is going to happen when action outcomes are probabilis- 
tic. Even if we know that a coin flip will result in tails half of 
the time, we do not know what the result of the next coin flip 
will be. Such outcome uncertainty is commonplace in everyday 
life. 

Thus, a real-life stream of actions can often be broken up into 
small episodes to which the hierarchical model presented here can 
be applied. The central idea is that uncertainty on different lev- 
els of the hierarchy might be implemented by different neural 
mechanisms, such as different brain areas, networks or transmit- 
ter systems; but that related quantities might be represented in 
a similar manner. Therefore, it seems plausible to group similar 
forms of uncertainty and present them together: (1) perceptual 
uncertainty, i.e. uncertainty in the sensory information or its inter- 
pretation; (2) state uncertainty, i.e. uncertainty about which of 
several sets of (known) rules apply in a given moment, including 
uncertainty about the context and about state transitions; (3) rule 
uncertainty, i.e. uncertainty about stimulus—outcome or stimulus- 
action—outcome rules as such; (4) uncertainty about probabilistic 
outcomes, where outcome is defined as a motivationally salient 
event. 
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3. Quantification 


of Uncertainty 
How can we quantify uncertainty? Imagine we could win £5 or 
£15 from heads or tails, respectively, at a coin flip, or £60 from a 
six on the dice and nothing for the numbers one to five. Are we 
more uncertain about how much we earn from the coin or from 
the dice? Figure 8.la and b shows our expectations of winning 
the money from coin and dice. We do not have a deterministic 
expectation for either, so our expectations consist of a number 
of discrete probabilities. Panel c shows another case where we 
win the amount of money shown by the number on the dice, 
plus £6.50, and one can generalise this idea to situations with 
completely continuous outcome possibilities (panel d). What we 
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Fig. 8.1. Probability distributions for four different gambles. a Flip of a fair coin with probabilities of 0.5 and a win of £5 
or £15 from heads or tails, respectively. b Toss of a fair dice with a win of £60 from a six and nothing for the numbers 
one to five. c Tossing a fair dice again, winning the amount of money shown by the number on the dice, plus £6.50. 
d Probability density function for an unspecified example of continuous outcome possibilities. 
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have to find is a statistic that captures the amount of uncertainty 
embedded in each of these probability distributions. In the fol- 
lowing, we give an overview of different statistics that are in 
widespread use, pointing out how they differ in their quantifi- 
cations. 

Entropy (or Shannon entropy) is a measure from information 
theory (13) that is often used when outcomes are defined as a 
set of nominal and discrete events, one of which can occur at a 
time. Entropy takes only the probabilities for the occurrence of 
each event into account. That is, our uncertainty estimate does 
not depend on how much we win — it only depends on the prob- 
abilities of winning for each possible outcome. Entropy measures 
how much information we have about the upcoming event: we 
have some information about what will happen from throwing 
the dice, because we are not very likely to win. We have no infor- 
mation about the coin flip because both scenarios (head and tail) 
are equally likely. So, we should be more uncertain about the coin. 
That is reflected in entropy H, defined as the negative product of 
each probability with its (natural) logarithm, summed up over all 
possible outcomes: 


H= -X pi- log pi. 
i=1 


For the three cases above, we derive 


H (A) = — [0.5 - log (0.5) + 0.5 - log (0.5)] = 0.69 
H (B) = — |1% -10g (Ye) +5% - log (7%) | = 0.45. 
6 


H(C) = 1% log 1% = 1.79 


i=1 


Thus, entropy prescribes in fact that we are more uncertain 
about the coin (A) than about the first dice throw (B) where we 
have two possible outcomes, one of which is much more likely 
than the other one. We are even much more uncertain about the 
outcome from the second roll of the dice (case C) where we have 
six possible outcomes, all with equal probability. However, it does 
not matter how much we earn, a perspective that economists and 
reinforcement learning theorists would probably disagree with. 
Does not the prospect of earning £5 or £15 from a coin flip feel 
much more uncertain than earning £9 or £11? The entropy is the 
same in both cases; however, their variance will differ. 

Variance (and its square root, standard deviation) is an intu- 
itive statistic that most researchers will be familiar with. It is 
commonly used to describe asset risk in finance (14) and hence 
has influenced behavioural economics and neuroeconomics where 
outcomes are defined in a continuous event space. Here, the 
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magnitude of each possible outcome is taken into account. In 
the discrete case (A-C) variance is simply the squared deviation 
of each outcome from the expected (mean) outcome, weighted 
by the probability of this outcome and summed up over all out- 
comes (and similarly it can be generalised to continuous proba- 
bility distributions as in case D). The expected earning in all three 
lotteries is £10, but the deviations from the mean are different. 
In case A, both possible outcomes (£5 and £15) deviate by £5 
from the mean and have a probability of p; = 0.5, such that the 
variance (Note 1) is 


Var(A) = 0.5 - (5 — 10)? + 0.5 - (15 — 10)? = 25, 
and analogous for the other two cases: 


Var(B) = 0.833 - (60 — 10)? + 0.167 - (0 — 10)? = 500, 


Var(C) = $ 0.167 «(4+ 6.5) — 10)? = 2.9. 
i=] 


This time, we are most uncertain about B. This is because 
the earning from the six deviates so much from the average earn- 
ing of the dice, and also from the earnings in the other two lot- 
teries A and C. This conforms to our intuition about earning 
money, or goods: our earnings are more uncertain when the pos- 
sible earnings have wider spread. Therefore, variance is a good 
statistic when values can be assigned to different outcomes (Note 
2). If we change the earnings from the coin flip to £0 or £20, the 
variance increases to 


Var( A) = 0.5 - (0 — 10)? + 0.5 - (20 — 10)? = 100. 


However, adding a constant to both possibilities does not 
change the variance, which is possibly problematic. Earning £490 
or £510 from a coin flip entails the same variance as earn- 
ing £0 or £20. This might not seem very intuitive: many peo- 
ple would probably be more indifferent towards earning one of 
two amounts that are already quite large than towards earning 
either £20 or nothing. To reconcile this intuition with the idea 
of an uncertainty estimate, the coefficient of variation has been 
proposed (e.g. (15)) which is simply the standard deviation of 
outcomes, divided by the expected (average) outcome. This pre- 
scribes that we are more uncertain about our earnings when the 
same deviation occurs at a smaller average earning. In the example 
above, the coefficient of variation would be much smaller when 
the expected outcome is £500 than when it is £10. 

We will see that entropy and variance (and its derivates) are 
the most commonly used measures of experimentally manipulated 
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uncertainty in neuroscience. In some areas, proxy measures are 
being applied which we will discuss in detail below. All of these 
aim at quantifying the objective uncertainty given in the experi- 
mental situation. Of course it is possible that subjects have a dif- 
ferent estimate of the uncertainty, for example, because they have 
prior assumptions which were generated outside the experimental 
context. An interesting question is therefore how one can quan- 
tify the uncertainty of actual neural representations. Naturally, 
prior knowledge and assumptions are usually beyond experimen- 
tal control and can only be inferred from subjects’ behavioural or 
physiological responses. Therefore, we focus here on quantifying 
objective uncertainty but acknowledge that the actual uncertainty 
in neural representations might be slightly different. 


4. Uncertainty 
About Sensory 
Information 


4.1. Concepts 


Sensory processing often involves categorising or quantifying 
incoming information. Uncertainty can then arise from noise in 
the sensory information or from uncertain representation of cat- 
egory templates, category boundaries or quantitative mappings. 
How can this be studied? Many experiments in this field are inter- 
ested in how decisions are made when perceptual information is 
noisy and use decision-making models to describe the processes 
associated with the task. This will most often be some form of 
temporal integration model. We will therefore first give a brief 
overview of this class of decision-making models, then go on to 
show how measures from these models can be used as a proxy for 
the objective uncertainty. 

Temporal integration models (also termed sequential sampling, 
drift diffusion or bounded integrator models) assume that sensory 
information is accumulated over time (see for overviews, e.g. (17, 
18)). Imagine, for example, an array of dots; 80% of dots are mov- 
ing randomly to the right or to the left, the remaining 20% are 
consistently moving to the left (Fig. 8.2a). Our task is to decide 
whether the net movement is to the left or to the right. At each 
moment in time, the majority of dots could be — just by chance 
— moving to the right or to the left. Temporal integration models 
assume that we gather some evidence over time: at each moment 
in time, the number of dots we see moving to the right side causes 
a signal that is depicted in Fig. 8.2b. This could, for example, be 
a neuronal signal, achieved by summing up input from all neurons 
that detected a dot moving to the right, minus the signal from all 
neurons that detected a dot moving to the left. At each moment 
in time, the random dot motion causes this signal to fluctuate, 
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Fig. 8.2. Random dot motion task. a An array of dots is moving into random directions, 
with a proportion consistently moving left or right. The task is to detect the consistent 
motion direction. b Temporal integration model: Over time, evidence is accumulated for 
both possible motion directions; a decision is made when the evidence reaches a certain 
threshold. 


but over time the consistent dot motion will cause the signal to 
increase (more or less) slowly. When this signal reaches a certain 
bound (criterion), we decide that the true movement direction is 
to the right. The opposite mechanism can account for a net move- 
ment to the left. The more random dots we add to this task, the 
shallower will the slope of this evidence curve be (the so-called 
drift rate), and the longer we will need to make a decision. At the 
same time, if we are forced to make a quick decision, we will be 
less accurate when there is more noise (18, 19). 

Is there any place for uncertainty in this model? One might 
be tempted to use the drift rate as a surrogate for uncertainty, 
because the more uncertain the sensory evidence is, the smaller 
will the drift rate be. One can infer the drift rate from sub- 
jects’ behaviour: with a lower drift rate, reaction times would 
presumably be longer, and when there is an incentive for speedy 
responses, accuracy will be lower. However, the reverse relation 
is not necessarily given: shorter reaction times do not imply less 
certainty. In fact, reaction times can be biphasic such that people 
respond very quickly when there is little sensory evidence (20). 
Also, cerebral responses to reaction times and to accuracy disso- 
ciate although both should in theory depend on the drift rate 
(20); and cerebral responses to accuracy and objective task diffi- 
culty dissociate (21, 22). In addition, such temporal integration 
models have recently been challenged (16). 

Beyond such measures for subjective uncertainty, there seem 
to be two principles of quantifying objective uncertainty in these 
tasks. A model-based approach to a categorisation task would 
measure the physical evidence for the different categories and 
quantify the uncertainty of the ensuing probability distribution 
over categories, for example, as entropy. On the other hand, one 
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4.2. Examples 


4.2.1. Animal 
Experiments 


might measure physical similarity to a template or physical dis- 
tance from a category boundary as a proxy for uncertainty. So 
far, most experimental paradigms use either accuracy or objec- 
tive physical characteristics to quantify uncertainty. We will review 
three studies here that use these measures, but emphasise the need 
for a model-based approach in order to clearly define uncertainty. 


Kepecs et al. (23) used an odour discrimination task in rats. Two 
pure odours (caproic acid and 1-hexanol) were mixed in six dif- 
ferent ratios (0/100, 32/68, 44/56%). The rat’s task was to cate- 
gorise the odour according to the major ingredient, with a reward 
for correct responses. Uncertainty was not quantified; instead the 
odour mixtures were treated as discrete levels: if the odour ratio 
was closer to 0.5, the perceptual uncertainty was assumed to be 
higher. The authors then investigated brain areas where neuron 
firing conformed to a U-shape or inverted U-shape when plotted 
according to the odour ratios, thus implying lower or higher fir- 
ing with higher uncertainty. While this is a very elegant design, it 
shares a problem with most variations of perceptual uncertainty 
in reward-based decision-making. Because accuracy is lower with 
higher uncertainty, rats will learn to expect less reward with the 
intermediate odour categories. In order to disentangle neuronal 
responses to expected reward and to uncertainty, the authors per- 
formed a model-based analysis, comparing models based on either 
of the two factors. 

Kiani and Shadlen (24) gave monkeys the random dot motion 
task described above, where the monkey had to make a saccade 
in order to indicate the net dot motion. Harvesting the fact that 
a more uncertain stimulus leads to a lower expected reward, they 
gave the monkey on half of the trials a chance to “opt out” and 
make a saccade to a third target which would yield a smaller, 
but fixed reward. Thus, they could measure the monkey’s esti- 
mate of his expected reward, corresponding to the confidence 
that his decision would be correct which can then be used as a 
behavioural measure of uncertainty in analysis of neuronal firing 
patterns. As in the example above, uncertainty is again correlated 
with expected reward, such that higher neural firing could be due 
to high uncertainty or low reward. Kiani and Shadlen avoid this 
confound by focusing on neurons that show either high or low 
firing when uncertainty is low, and intermediate firing when the 
uncertainty is high, and the monkey opts out. This corresponds to 
the temporal integration model shown in Fig. 8.1 where a fictive 
neuron that collects evidence for one motion direction would 
have high firing when the dots move into this direction, low fir- 
ing when they move into the opposite direction and intermediate 
firing when the direction uncertain. 


4.2.2. Human 
Experiments 


4.3. Perspectives 
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Grinband et al. (25) used an elegant method to introduce uncer- 
tainty into a very simple perceptual categorisation task. Remem- 
ber that in the aforementioned task setups, uncertainty is not 
inherent to the stimulus — it arises during categorisation of the 
stimulus. If we were, for example, tasked to indicate the amount 
of random dots in a random dot display, we would be more cer- 
tain, the more random dots are in the display. If we are asked 
to indicate the net motion, we are less certain when more ran- 
dom dots are in the display. Uncertainty is thus a function of the 
categorisation task. Grinband et al. harvested this fact and intro- 
duced uncertainty by having subjects learn a categorisation cri- 
terion: they were tasked to decide whether a line segment of a 
certain length fell into one or another category and were given a 
feedback whether their response was correct. Thus, they learned 
the category boundary, but they did not have enough practice to 
learn it with certainty. Again, during the test, they had to make 
the same decision. Obviously, uncertainty would be higher, the 
closer the test line is to the category boundary. Uncertainty was 
thus defined as a function of accuracy from a preceding train- 
ing session and thus inferred from people’s behaviour (with the 
caveats mentioned above). 


Uncertainty about sensory information probably provides one of 
the major examples to date of how uncertainty has been incor- 
porated into translational (human-animal) models of affective 
disorder. An important example of this is the presentation of tem- 
porally unpredictable neutral sound stimuli to healthy human sub- 
jects and mouse subjects and monitoring of responses relative to 
those of subjects presented with the same stimuli on a predictable 
schedule. In humans, functional magnetic resonance imaging 
(fMRI) revealed that such temporal unpredictability caused sus- 
tained neural activity in amygdala and increased attention towards 
emotional faces. In mice, exposure to temporal unpredictability 
increased expression of the immediate-early gene c-fos and pre- 
vented rapid habituation of single neuron activity in the basolat- 
eral amygdala; at the behavioural level, it was anxiogenic in terms 
of increasing avoidance of illuminated, exposed areas (26). Since 
this encompassed a direct contrast of uncertainty with certainty, 
one challenge following from these results will be to quantify and 
experimentally manipulate uncertainty in this paradigm and inves- 
tigate whether the observed behavioural and neuronal responses 
can be attributed to uncertainty. 

In order to provide such quantification, we have discussed 
three paradigmatic experiments that define uncertainty either 
from the physical characteristics of the stimulus, or from sub- 
jects’ behaviour, that is, their confidence estimate or their decision 
accuracy. These are the most frequent definitions in the literature; 
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we argue, however, that they fall short of a precise quantifica- 
tion. Developing a model-based approach to quantify perceptual 
uncertainty is beyond the scope of this chapter, but would involve 
estimating the probability that a given stimulus can be classified 
correctly and quantifying the entropy of the ensuing probabil- 
ity distribution (which easily generalises to multinomial classifi- 
cation tasks). Using accuracy as a measure for uncertainty comes 
closest to such an approach, although there will be a non-linear 
relationship between accuracy and entropy. In addition to this, 
uncertainty on early processing stages induces uncertainty on later 
stages; in order to take that influence into account as a possi- 
ble confound, Bayesian models of brain function can be used; 
these make a formal description of how later processing stages are 
implemented and influenced by earlier processing steps. 


5. State 
Uncertainty 


5.1. Concepts 


5.2. Examples: 
Human Experiments 


Uncertainty about the state one is in is a common problem 
in many situations where certain states require certain (known) 
actions or action plans. An example is sensorimotor control (e.g. 
(3)) where the theoretical focus is, however, more on integrat- 
ing different processing stages than on isolating them. Another 
typical situation where state uncertainty arises is in context dis- 
crimination learning where different contexts might be associated 
with different outcome (e.g. reward or punishment) contingen- 
cies. State uncertainty can be conceptualised as entropy over the 
probabilities of a set of discrete possible states or the precision of a 
posterior probability distribution in Bayesian models if we assume 
a continuous state space. 


Entropy about discrete states of the environment has been inves- 
tigated in a paradigmatic human fMRI experiment by Yoshida 
and Ishii (27). In this study, participants played a computer game 
where they had to find a target position in a maze. Their visual 
perspective was from within the labyrinth, i.e. they could only see 
walls and floors, so that they did not know for sure the current 
position in the maze. In order to solve the task, the position in 
the maze had to be inferred from previous experience and cur- 
rent information about the maze. The current position can be 
regarded as a particular state since specific action sequences with 
known rules and outcomes ensue from each position. Because 
subjects could move freely in the maze, the possible states at each 
point in time were not directly under experimental control but 
were inferred using a computational model of the task. In this 
hidden Markov model, the agent made current state estimates, 
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the entropy of which served as quantification of state uncertainty. 
Yoshida and Ishii then went on to analyse brain regions where the 
blood oxygen level dependent (BOLD) signal covaried with state 
entropy. 

Bestmann et al. (28) provided another example of context 
uncertainty in a modified Posner task. Here, there are two pos- 
sible actions, and one of two target symbols signals (determinis- 
tically) which action is correct. Before the target signal is shown, 
a cue of the same type is provided, which most of the time is 
congruent (i.e. valid) with the target signal that is shown later. 
Because subjects are tasked to respond as quickly as possible, they 
can use the cue to prepare their action, but need to take into 
account that the cue might be incongruent. The transition from 
cue state to target state entails uncertainty, depending on how 
often the cue is congruent with the target. Bestmann et al. var- 
ied the probability of the cue—target congruence, and thus the 
uncertainty of the upcoming state, and its associated action. They 
then investigated how motor preparation of the upcoming action 
depended on the uncertainty of the state transition. 


If one was interested in a more direct experimental control of 
state uncertainty, paradigms would be useful where several possi- 
ble states at each point in time can be manipulated. This could be 
achieved, for example, by repeatedly endowing people with state 
information that needs to be interpreted and can lead to proba- 
bilistic or deterministic action sequences. This state information 
can be presented in such a way that the conditional probabili- 
ties of being in a current state, given this information, are under 
experimental control and so is entropy. Such paradigms are appli- 
cable not only to human research but also for animals, for exam- 
ple, by relying upon several previously conditioned contexts that 
require certain actions or imply particular action (or stimulus)— 
outcome rules. 


6. Rule 
Uncertainty 


6.1. Concepts 


Uncertainty about outcome rules is a common concept in both 
reinforcement learning and economics. Rules are also impor- 
tant in social interaction and have been conceptualised, e.g. in 
game theory, however, with much less focus on uncertainty on 
these rules. The microeconomic perspective on rule uncertainty 
evolved around the observation that humans prefer gambles with 
explicitly known probabilities, a situation termed risk, over those 
involving uncertain probabilities (i.e. rules), a situation termed 
ambiguity. 
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Fig. 8.3. Ellsberg’s (29) description of ambiguity. a This urn contains 50 black and 50 
white balls. b This urn contains 100 balls that could be either black or white; but the 
proportion of black and white balls is unknown to the observer who can bet on black 
or white in either urn a or urn b. Most people bet on a colour in urn a, thus avoiding 
the ambiguous urn b; although in the absence of prior knowledge, the probabilities of 
winning are equal for both urns. 


Imagine a gamble on the two urns shown in Fig. 8.3 (29). 
Urn A contains 50 black and 50 white balls — we win £10 if black 
is drawn. Urn B contains 100 balls each of which was previously 
and randomly determined to be either black or white, but we do 
not know the distribution of black and white balls in this urn. 
Again, we win £10 if black is drawn. What are our chances of 
winning? This is easy for urn A: it is 0.5 (i.e. 50%), because the 
number of black and white balls is the same. For urn B, we need to 
take into account each possible distribution of balls in the urn and 
the chances of winning from it. Because the balls were randomly 
determined to be black or white, there are 101 possible ball dis- 
tributions. The chances of winning from each of the distributions 
are 0 (for 100 white balls), 0.01 (for 99 white and 1 black ball), 
0.02 (for 98 white and 2 black balls), 0.03, and so on, up to 1 (for 
100 black balls). If we multiply the probabilities of winning from 
each ball distribution (first-order probabilities) with the chances 
that this ball distribution is realised (second-order probabilities), 
and sum up these 101 values, we end up with the overall chances 
of winning from urn B (i.e. the expected first-order probabilities). 
Unsurprisingly, these turn out to be 0.5, just as in urn A. 

Thus, the chances of winning are mathematically identical for 
both urns, but most people would prefer to bet on urn A rather 
than on urn B. This preference is called ambiguity avoidance and 
is a robust empirical finding even when people are told that this 
does not lead to (mathematically) optimal outcomes and even 
when they have to pay some extra money (a “premium” ) to avoid 
urn B (29-36). 

Why would most individuals avoid urn B? Obviously, urn 
B contains some uncertainty about outcome contingencies (i.e. 
rules), while urn A does not. But is this really the reason why it 
is avoided? In fact, the experiment in Fig. 8.3 (and most simi- 
lar experiments) involves factors other than uncertainty. Some of 
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these factors, under some circumstances, can explain ambiguity 
aversion: (1) There is a small chance of very unfavourable first- 
order probabilities, e.g. an urn with 100 white balls. Although 
this is very unlikely, it seems to be disproportionately weighted. If 
one restricts the range of possible outcome probabilities, ambigu- 
ity aversion is diminished. This factor could thus explain at least a 
part of ambiguity aversion without having to formally take uncer- 
tainty into account (34, 37). (2) By making a choice between 
urn A and urn B, people reveal their knowledge and belief about 
gambles and probabilities. Most people are probably more famil- 
iar with gambles similar to urn A and can be more certain that 
other people will have similar experiences. It turns out that when 
people are asked to make this choice publicly in a group, ambi- 
guity aversion is much bigger than when they make the same 
choice, but write it down on a piece of paper that is only later 
to be read by the experimenter (32). Also, when people gam- 
ble on getting one of two movies, where the experimenter asks 
which of the two they prefer, they avoid gambles of type B. How- 
ever, if the experimenter does not know which movie they prefer, 
there is no ambiguity avoidance (38). In this case, the experi- 
menter cannot judge people’s choices because he does not know 
what they want to obtain from the gamble. This is purely a social 
factor that can explain ambiguity aversion but has nothing to 
do with uncertainty. (3) Brain responses to ambiguity have been 
shown to depend on the fact that something 1s hidden from the 
observer rather than completely unknowable (10) and do not seem 
to scale with uncertainty. The fact that something is hidden might 
not only invoke specific behavioural responses (e.g. information 
seeking), but might also induce suspicions (e.g. the experimenter 
might be cheating and urn B is biased). Again, these factors are 
unrelated to uncertainty. 

A number of reasons can explain people’s reaction to ambigu- 
ous gambles without the need for taking uncertainty into account. 
One could formally test the impact of uncertainty by quanti- 
fying uncertainty as entropy over possible rules, and compar- 
ing responses to this quantity with responses to ambiguity, but 
this has not been done so far. At the moment, it seems that 
although uncertainty is a crucial factor in ambiguity, its experi- 
mental manipulation has not been developed sufficiently. 

Another perspective on rule uncertainty comes from the the- 
ory of reinforcement learning. Reinforcement learning involves 
learning associations or rules. When we start learning, we are 
necessarily uncertain about the rules, because we have not yet 
learned them. Rule uncertainty has thus been described as a moti- 
vator for learning. In a Bayesian framework, such uncertainty can 
be quantified as posterior uncertainty of rule predictions, a defini- 
tion that has been applied in theoretical work (39, 40). A related 
problem is when rules change over time in a detectable manner, 
and we have some notion of how much the rules are changing. 
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6.2. Perspectives 


This has been termed volatility (41). It does, however, not equal 
rule uncertainty: even when volatility is zero (i.e. we know that 
the rule is constant) we can have maximum uncertainty about 
this constant rule. On the other hand, with maximum volatility, 
we can be fully aware of the rule at a given point in time and have 
no uncertainty. 

In summary, although rule uncertainty is a very common 
problem, its quantitative experimental manipulation remains an 
issue to be solved. 


An interesting application of rule uncertainty concerns models 
of affective disorder: rodents can be conditioned on simultaneous 
stimulus—response (outcome) schedules where one discriminatory 
stimulus signals reward following an operant response and a sec- 
ond, distinctly different discriminatory stimulus signals avoidance 
of punishment by not exhibiting the operant response. Introduc- 
tion of intermediate (ambiguous) stimuli introduces uncertainty 
and allows for the probing of whether an animal anticipates a pos- 
itive event. Rats that had experienced chronic mild stress were less 
likely to perform an operant response to an ambiguous stimulus 
suggesting that they had developed a cognitive bias to expect neg- 
ative events, a state marker of human depression (42). From the 
perspective of uncertainty research, it would be interesting here 
to examine whether such a cognitive bias is dependent on the 
amount of uncertainty entailed in the ambiguous stimulus. 

Perhaps the most promising approach to this problem in 
the economic context builds on the aforementioned urn prob- 
lems, where rule uncertainty can be quantified as the entropy 
of the distribution over possible outcome contingencies. This is 
the distribution over possible realisations for urn B. In reinforce- 
ment learning, promising theoretical work has built on a Bayesian 
perspective (39, 40) which awaits its realisation in experimental 
research. 


7. Uncertainty 
About Outcomes 


7.1. Concepts 


Outcome uncertainty is a feature of probabilistic structures and 
has fascinated scientists for almost 300 years (43). Outcome 
uncertainty denotes the perennial fact that we never precisely 
know what is going to happen in the future. That is, even if we 
know that a coin yields heads half of the time, we are not able 
to predict the result of the next coin flip with certainty. How- 
ever, this uncertainty can be different — we can be quite sure, but 
we can also be very unsure. Theoretical accounts of this problem 
mostly come from economics and reinforcement learning. The 
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former focuses on explicitly known rules such as in gambles and 
lotteries, and on the fact that people do not seem to like out- 
come uncertainty. The latter builds on the idea that in learning 
about variable outcomes, we must recognise outcomes that differ 
so much from our expectations that we infer a change in the rule 
or the context. So we need an estimate of the expected deviation 
or expected uncertainty. 

In economics, two mainstream views aim at describing indi- 
vidual behaviour rather than reflecting how this behaviour could 
be implemented in the brain. Both acknowledge that when 
offered two lotteries of the same expected outcome, but different 
variability of the outcomes, most people consistently choose the 
less variable one (and some consistently choose the more variable 
one). But the most influential and older stream of theories (most 
prominently expected utility theory (44), subjective utility theory 
(45) and prospect theory (46)) does not have a formal notion of 
uncertainty or variability. So how can it account for the fact that 
people do not like uncertainty? 

The cornerstone of this class of theories is that the usefulness 
of some good does not linearly relate to its value (Fig. 8.4); £100 
is useful for us, and this usefulness can be quantified as utility and 
measured in utils. Imagine £100 equals 100 utils; £1,000 is also 
useful. But it is not 10 times as useful and has less than 1,000 
utils for us (in the example in Fig. 8.4, it converts to about 500 
utils). Why would that be the case? As a drastic (and evolutionary 
plausible) example, the difference between starving and one piece 
of bread is much more important than the difference between one 
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Fig. 8.4. Example for a non-linear utility function as prescribed by several mainstream 
economic theories: with increasing value, the increment in utility becomes smaller. 
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piece of bread and the next piece. Equally, for somebody who has 
no money, what he can buy from the first £100 is probably more 
important than what he can buy from the next £100 and so on. 
The same is even more obvious for animals, which, in natural 
environments, are under a constant threat of not surviving such 
that obtaining some resources (i.e. food, water) is much more 
important than acquiring a lot of it. The same holds for laboratory 
experiments on valuation of resources, where animals are often 
kept hungry and thirsty in order to observe these effects. But how 
can this non-linear utility function explain why somebody prefers 
a low variability gamble over a high variability gamble? 

Imagine a choice between two lotteries, both of which have 
three outcomes with equal probabilities. The first lottery could 
give £400, £500 or £600, such that the expected monetary value 
is £500. The second lottery could give £100, £200 or £1,200 and 
has the same expected value of £500. How about the usefulness 
of that money? Using the value—utility relation shown in Fig. 8.4, 
the first lottery gives us 264, 308 or 350 utils, which comes up to 
an expected (average) utility of 307 utils. The second lottery gives 
us 100, 162 or 568 utils and the expected utility is 277 utils. That 
is, because £1,200 is extremely devalued by the utility function, 
the overall return from the second lottery is much lower than 
from the first one, when measured in utility. And this result can 
be generalised: the more the outcomes of a lottery (or an action, 
etc.) spread, the lower is the expected utility from that lottery (or 
action, etc.), given the utility function shown above. This theory 
can therefore explain aversion of variable outcomes without ever 
quantifying this uncertainty. We spent some time describing the 
idea behind this theory because it is prevailing in economics and 
also in its neuroscience sibling, neuroeconomics, and employed in 
most experimental work that does not explicitly deal with uncer- 
tainty (and also in some work that does deal with uncertainty). 
It is therefore a reference point for most other ideas and the- 
ories and a benchmark to test experimental findings against. It 
does, however, not help us much to find an actual measure of 
uncertainty. 

A second strand of economic theories from finance (14) has 
a much simpler form and posits that lotteries (and other forms 
of actions with uncertain outcomes) can be represented by their 
mean (i.e. expected value) and variance. This leads up to a neu- 
roeconomic view where variance is explicitly represented in the 
brain, thus forming a measure for uncertainty, and influencing 
choice behaviour. 

Another perspective arises from reinforcement learning the- 
ory. Here, the problem is to learn about rules and to detect 
changes in these rules. In a natural environment, this could mean 
that a foraging environment which was once full of food options 
might be depleted at some point. The organism needs to detect 
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that the fact that he does not find any food for days is not caused 
by bad luck any more, but by a change in the environment. So 
how does reinforcement learning work? 

Many reinforcement learning models (such as Rescorla— 
Wagner (47), Pearce—Hall (48), temporal difference learning (49) 
and others) posit that we make a prediction about an expected 
(average) outcome. Violations of these predictions are signalled 
as prediction errors and cause us to change our predictions, i.e. 
to learn. If we are in a new environment, we might predict a 50% 
change of getting a reward per time unit. That is, in each time 
unit, we will predict an expected reward of 0.5 units. If we get 
a reward in a time unit, the prediction error is 0.5. In this case, 
we will update our prediction by a fraction, for example, by 10%, 
of the prediction error. That is, our next prediction is 0.6. If the 
actual chances of getting reward are 100% per time unit, we will 
quickly update our predictions to this outcome rule and after a 
few instances make a prediction of one reward per time unit. On 
the contrary, if the true chance of getting a reward is only 10% of 
the time, we will have negative prediction errors and reduce our 
predicted value. 

So far, we only referred to expected (i.e. average) outcomes. 
What role does uncertainty play here? Image an environment 
where the true chances of getting a reward are 50%. That means, 
our prediction is 0.5, and on each occasion, after getting zero or 
one unit of reward, we get a prediction error of +0.5 or —0.5. 
Despite the constant prediction errors, there is no need to update 
our predictions any more. We could even say that we expect a pre- 
diction error, because we know there is some expected uncertainty 
(39) associated with this environment. Over time, the prediction 
will stay (rather) constant, and the prediction error has no impact 
any more. Imagine, however, that after a while we encounter 10 
units of reward at one time. Our prediction error is now 9.5. Did 
we still expect this? Clearly not; this is an unexpected uncertainty 
(39) and it might mean that the environment, and the outcome 
rule, has changed. In order to detect this, we need a measure for 
the expected uncertainty in the first place. 

So, how is expected uncertainty represented? Again, it has 
been proposed from economists that outcome variance (or stan- 
dard deviation) is the crucial dimension and that estimates of the 
variance are updated in a way that is similar to models for learn- 
ing expected outcome. The estimate of outcome variance is then 
used to scale the prediction error such that it does not signify an 
absolute but rather a relative deviation from expectations (50). 
That is, a regular prediction error of +0.5 or —0.5 will be small, 
if compared to the expected variance, but the prediction error of 
9.5 will be very high on this relative scale. 

What if outcomes cannot clearly be valued? One can imag- 
ine a learning experiment where the goal is to make correct 
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7.2. Examples 


7.2.1. Animal 
Experiments 


7.2.2. Human 
Experiments 


responses without any associated reward. Assigning a value to a 
correct response is completely arbitrary. Here, one might want 
to quantify how informative outcomes are in the context of this 
learning task. This is achieved by computing Shannon entropy of 
outcomes (13). As pointed out in Section 3, one can calculate 
the entropy of discrete outcomes, thus ignoring outcome size. In 
experiments with binary outcomes and constant monetary values, 
variance (over values) and entropy (ignoring values) are very sim- 
ilar. If one is interested to find out which statistic the brain uses, 
one must experimentally vary outcome size. 


Fiorillo et al. (51) were interested in responses of dopaminer- 
gic midbrain neurons to outcome uncertainty. Such neurons are 
known to encode a phasic prediction error signal during rein- 
forcement learning; here the focus was on sustained (non-phasic) 
activity during the 2 s of reward anticipation that correlated with 
its uncertainty. In a first experiment, the probability of a reward 
with magnitude was varied (0, 0.25, 0.5, 0.75, 1.0). Uncertainty 
is highest with medium probabilities and lowest when the out- 
come is known, i.e. probabilities of 0 or 1.0. Sustained activity 
of dopaminergic neurons was highest in the 0.5 condition. In 
a second experiment, the monkey always received a reward, but 
there were two reward quantities with probability of 0.5. The 
more these reward possibilities differ from the mean reward, the 
higher the outcome uncertainty. This was varied in three levels. 
Again, sustained neuron firing correlated with outcome uncer- 
tainty. Because entropy is constant here, entropy is not driving 
these responses. Otherwise, the results would hold for different 
quantifications of uncertainty: in such a simple experiment, vari- 
ance, standard deviation and coefficient of variation are so similar 
that neuronal responses to each of these quantities cannot be dis- 
ambiguated. On the other hand, it is difficult to train animals (or 
humans) on a sufficient number of cues to formally disentangle 
these quantities. 


In humans, the bulk of experiments either take an economic 
perspective, using explicitly stated outcome probabilities, or a 
reinforcement learning perspective where the probabilities are 
learned. It is not clear whether explicit and learned probability 
representations are equivalent such that we treat these two per- 
spectives separately here. 

In a typical economic experiment about variance in explicitly 
signalled potential outcomes, Dreher et al. (52) presented virtual 
slot machines to their participants, clearly indicating probability 
and value of each possible return from this machine (i.e. 


0.25/$20, 0.5/$20, 0.5/$10, 1.0/$0). Participants performed 
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an incidental task that was not related to their winnings, such that 
they passively waited for their reward. During this delay period, 
BOLD responses were measured. Preuschoff et al. (53) provided 
a very similar task that was framed in terms of a card gamble. 
From a known stack of ten cards, one was randomly drawn. After 
a delay period, a second card was drawn. Participants’ winnings 
depended on whether the first or the second card had a higher 
value. Thus, after the first card was drawn, the participants knew 
how many cards in the stack would have a higher value than the 
first card. Hence, there was a certain probability of the second 
card being higher, associated with a specific (un)certainty of 
winning. Both experiments made use of binary gambles where 
the options were to win something or to win nothing (compa- 
rable to the first experiment of Fiorillo et al. (51), described in 

Section 7.2.1). 

To our knowledge, no experiments so far have investigated 
outcome uncertainty from the reinforcement learning perspec- 
tive without implying uncertainty about outcome rules. Studies 
so far have tested responses to outcome uncertainty during learn- 
ing or after short learning periods. The study of relatively iso- 
lated outcome uncertainty would involve overtraining subjects 
on cue-outcome associations to suppress uncertainty on these 
associations. 


Outcome uncertainty is an important concept both for reinforce- 
ment learning and economics. Human neuroimaging research has 
so far mainly investigated this issue from the economic perspec- 
tive, using explicitly signalled binary outcomes. The use of multi- 
ple outcomes with the same probability, but different magnitudes, 
could complement this line of research. The reinforcement learn- 
ing perspective on the other hand formed the basis for the only 
animal study in this field. Human research on outcome uncer- 
tainty in reinforcement learning is sorely needed: recent studies 
have started to address this issue, but without sufficient overtrain- 
ing of outcome rules, these imply rule uncertainty as well. 

An important issue for human neuroimaging studies arises 
from the monkey study by Fiorillo et al. (51) that has suggested 
ramping activity in dopaminergic neurons representing uncer- 
tainty. Such ramping activity increases towards the ultimate out- 
come. Functional MRI has a low temporal resolution and cannot 
distinguish between signals shortly before and after an outcome. 
Because higher uncertainty involves a higher average (absolute) 
prediction error at the time point of the outcome, uncertainty and 
this absolute prediction error are confounded. Enhanced experi- 
mental designs (e.g. with hidden outcomes in the test phase) or 
electro- or magnetoencephalographic studies are needed in order 
to disentangle the effect of these two confounded independent 
variables. 
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8. Summary 


In this chapter, we have provided an introduction into experi- 
mental issues that arise in the study of uncertainty. We provided a 
number of concepts that allow the researcher to study uncertainty 
on some quantity in isolation. This is a challenging and exciting 
new field in neuroscience, where a great deal of theoretical and 
empirical work is still to be done. We hope that our theoretical 
considerations motivate interested experimental researchers into 
this important branch of neurobiology. 


9. Notes 


1. We leave out the monetary units which have no relevance 
here. 


2. Note that some formulations of entropy do not rely on dis- 
crete and nominal events, such as differential entropy and 
relative entropy, and can therefore compete with variance 
when values need to be taken into account. The economics 
literature, which is rather influential here, does, however, 
mainly use variance and its derivates. 
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Chapter 9 


Circadian Variation in the Physiology and Behavior 
of Humans and Nonhuman Primates 


Henryk F. Urbanski 


Abstract 


The rhesus macaque represents a pragmatic animal model for elucidating mechanisms underlying normal 
and pathological human behaviors. Many of the same techniques that are used in clinical studies can be 
readily applied to the nonhuman primate studies. These including the use of Actiwatch recorders for mon- 
itoring of 24-h activity-rest cycles and the use of a remote blood sample collection system for assessment 
of changes in circadian hormone profiles. In addition, comprehensive rhesus macaque gene microarrays 
(Affymetrix) are now commercially available, and these can be used for profiling gene expression changes 
under various physiological and pathological conditions. Our recent application of these methodologies 
to rhesus macaque studies emphasizes that many physiological and behavioral events, and the expression 
of associated genes, have a distinct 24-h expression pattern. Consequently, it is important to take these 
circadian rhythms into account when designing experiments and interpreting the results. 


1. Introduction 


1.1. The Rhesus Humans and rhesus macaques (Macaca mulatta) are both long- 
Macaque as a lived primates, and they show many similarities in their anatomy, 
Pragmatic physiology, and genetics (1). Consequently, these nonhuman 
Translational Animal primates are regarded as pragmatic animal models for study- 
Model ing mechanisms that underlie normal and pathological human 


physiology and behavior. Their use as translational animal mod- 
els has many advantages. For example, rhesus macaques can be 
maintained under carefully controlled environmental conditions 
(e.g., photoperiod, temperature, diet, and medication). In addi- 
tion, animals of a specific age, size, sex, and genetic characteris- 
tic can be selected, thereby eliminating extraneous variables and 
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1.2. Circadian 
Rhythms 


self-selection bias that are typically associated with human clini- 
cal trials. Moreover, because the timing of the necropsies can be 
carefully controlled in rhesus macaques, high-quality postmortem 
tissues and RNA samples can be collected for biochemical analysis 
and gene expression profiling. 

The present chapter describes two methodologies that we use 
routinely in rhesus macaques studies to help with the interpreta- 
tion of physiological and behavioral data. These include continu- 
ous monitoring of 24-h activity—rest cycles and remote collection 
of serial blood samples for the determination of 24-h circulat- 
ing hormone profiles. Both of these methodologies have analo- 
gous applications in clinical research and highlight the important 
role that circadian rhythms play in human physiology and behav- 
ior. To gain further insights into the underlying mechanisms we 
also routinely perform comprehensive gene expression profiling, 
using GeneChip microarrays (Affymetrix, Inc., Santa Clara, CA, 
USA), and this will be discussed in the context of effective exper- 
imental designs that take circadian variations into consideration. 
For details of the latter procedure and data analysis the reader is 
referred to two recently published articles (2, 3). 


Most animals, including humans, live in an environment that is 
characterized by daily and seasonal changes in lighting and tem- 
perature. Consequently, many aspects of their physiology and 
behavior show circadian and circannual adaptations. On the one 
hand, circadian rhythms are intrinsic to a wide range of body 
functions, including the sleep-wake cycle, metabolism, immune 
response, and reproduction (4), and a common human man- 
ifestation of desynchronized circadian rhythms is jet-lag. On 
the other hand, many mammals also show seasonal rhythms in 
metabolism, reproduction, and immune function (5, 6). Inter- 
estingly, in humans seasonal variations have been reported for 
blood pressure, immune response, birth rate, and sleep duration, 
as well as for behavioral traits associated with seasonal affective 
disorders, bulimia nervosa, anorexia, and suicide (7). Many of 
these physiological and behavioral alterations can be linked to 
underlying changes in the secretion of hormones, such as cortisol, 
dehydroepiandrosterone sulfate, testosterone, leptin, and mela- 
tonin, all of which have distinct 24-h release patterns in the rhesus 
macaque (8-11). 

The present chapter focuses on two methodologies that can 
be readily applied to both human and nonhuman primate stud- 
ies, in order to gain insights into an individual’s circadian phys- 
iology. For example, performance testing, collection of diagnos- 
tic specimens, and the administration of medications, all have an 
optimal time of day. Hence, information about an individual’s 
24-h activity-rest cycles and associated 24-h hormone profiles 
provides an important physiological context for interpretation of 
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test results, and also for the design of effective drug and hormone- 
replacement paradigms. 


2. Materials 
and Methods 


2.1. Monitoring 
Activity-Rest Cycles 
and Remote Blood 
Sampling 


A convenient, noninvasive method of continuously monitoring 
motor activity in humans involves the use of Actiwatch recorders 
(Philips-Respironics, Bend, OR, USA; part number U198-0301- 
00). These unobtrusive watch-size recording devices are typically 
worn on the wrist, and continuously collect activity-rest data, 
providing information about 24-h motor activity rhythms as well 
as insights into the quality of sleep. These devices comprise an 
accelerometer and a 32-Hz microprocessor, which selects peak 
activity intensity during each second to sum up activity counts 
per sample. Using a 1-min epoch setting Actiwatches can con- 
tinuously record data for 45 days, which can then be readily 
downloaded to a personal computer using a dedicated data reader 
(Philips-Respironics; part number 198-0150-00). Actiware 5.0 
software can then be used to determine the total level of activity 
in an individual, and importantly, the mean level of activity dur- 
ing specific times of the day (e.g., day time or night time). Equally 
important, the software can analyze bouts of activities that occur 
during the night and provide insights into sleep quality based on 
parameters such as sleep latency, sleep fragmentation index, and 
number of wake bouts. Note, Actical recorders are also commer- 
cially available (Philips-Respironics; part number 198-0210-03). 
They are very similar to Actiwatch recorders except they average 
the activity intensity (instead of taking the peak activity intensity) 
during each second to sum up activity counts per sample. They 
are used with Actical 2.1 software and are primarily used in stud- 
ies that focus on energy expenditure studies rather than sleep. 
Rhesus macaques, like humans, are diurnal and also show 
consolidated sleep patterns. Consequently, we have made effec- 
tive use of the same Actiwatch devices to study 24-h activity—rest 
cycles in rhesus macaques (12-15). Attaching the Actiwatch to 
the animal’s wrist is not a viable option and so instead we usually 
place it inside an aluminum protective case (Philips-Respironics; 
part number 198-0232-00 M); this case is compatible with the 
nylon and aluminum primate collars available from Primate Prod- 
ucts, Inc. (Immokalee, FL, USA) and can be unobtrusively worn 
around the animal’s neck. For downloading the stored activity 
data, the animal is briefly sedated using ketamine (10 mg/kg body 
weight, i.m.) and the collar/recorder removed. Alternatively, if 
the animal is trained to enter a small transfer cage, which restricts 
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head movement, then the Actiwatch can be removed without 
resorting to the use of sedation. 

An alternative strategy to using the protective case and col- 
lar, which we have also found to be very effective, is to place 
the Actiwatch directly inside a custom-made small pocket at the 
rear of a nylon mesh primate vest (Lomir Biomedical, Inc., Mal- 
one, NY, USA). These protective vests are worn by our ani- 
mals when they have been fitted with an indwelling subcla- 
vian or jugular vein catheter and connected to a swivel-based 
remote infusion /sampling system (Lomir Biomedical, Inc.). This 
minimally invasive long-term blood sampling system (Fig. 9.1), 
when combined with the Actiwatch recorder, enables 24-h hor- 
mone rhythms to be monitored with reference to the light- 
dark cycle as well as with reference to the animal’s endogenous 
activity-rest cycle (Fig. 9.2). As already indicated, many hor- 
mones show a pronounced 24-h release pattern. Consequently, 
many serial blood samples are needed to clearly disclose changes 


(=) = 
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3-way stopcock è ~ a A N 
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Fig. 9.1. Schematic illustration of the set up that enables serial blood samples to be 
collected remotely from conscious, undisturbed monkeys. The animals are surgically 
fitted with an indwelling subclavian vein catheter, which is channeled subcutaneously 
to the middle of the back. There, the catheter is connected to sampling tubing which 
itself is protected by a flexible stainless steel tether and, in turn, is connected to a 
swivel assembly at the top of the cage. The tubing then passes through a small port 
in the wall and into a laboratory, where it is connected via a three-way stopcock to a 
blood sampling syringe and also to a peristaltic pump; the latter is used to maintain 
catheter patency by continuously infusing a heparinized saline solution. Using this set 
up, serial blood samples can be collected throughout the day and night, even while the 
animals are asleep. The vests that the animals wear are to protect the catheter; they are 
routinely inspected every week and washed every 2 weeks. In addition, the vests can 
house a watch-sized Actiwatch recorder (inset, upper right) for continuous monitoring 
of activity-rest cycles. 
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Fig. 9.2. Upper panel: Actogram from an individual rhesus macaque, showing diur- 
nal activity and indication of consolidated nocturnal sleep, as in humans. Note that the 
data are double-plotted to facilitate viewing of the circadian rhythm, and the periods of 
light and dark are represented by white and black horizontal bars, respectively. Lower 
panel: Mean plasma cortisol and DHEAS profiles from young adult rhesus macaques; 
the serial blood samples were collected every hour, using the remote blood sampling 
set up depicted in Fig. 9.1. The hormonal data are double-plotted to facilitate visualiza- 
tion of the 24-h rhythms, which show peaks in the morning when the animals begin their 
daily activity. [Figure adapted from (12), with permission, Copyright 2006, The Endocrine 
Society.] 
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2.2. Notes on Activity 
Recording 


in the hormone secretion pattern, and often these samples need 
to be collected when an individual is asleep. The situation is even 
more complicated when attempting to disclose plasma profiles in 
hormones, such as luteinizing hormone (LH), which is released 
episodically or in a pulsatile manner. For example, the first major 
endocrine event associated with the onset of puberty in primates 
is an evening increase in the amplitude of LH pulses. Further sub- 
tle differences occur across the menstrual cycle of adults (16), in 
which the follicular phase is associated with high-frequency low- 
amplitude pulses whereas the luteal phase is associated with low- 
frequency high-amplitude pulses (Fig. 9.3). By remotely collect- 
ing small (<0.3 ml) blood samples every 10 min for 24 h, it is 
possible to establish detailed pulsatile LH release profiles for each 
individual, without perturbing its sleep-wake cycle or behavior. 
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Fig. 9.3. The remote blood sampling set up (Fig. 9.1) enables detailed changes in the 
episodic release profiles of hormone such as LH to be disclosed. The upper panel shows 
a well-defined 24-h pulsatile plasma LH profile from a female rhesus macaque, sam- 
pled during the follicular phase of the menstrual cycle. The lower panel shows a 24-h 
pulsatile plasma LH profile from the same animal, sampled during the luteal phase of 
the menstrual cycle. These data emphasize that multiple serial blood samplings are 
essential for the disclosure of subtle changes in the release of some hormones. 


The actograms generated by the Actiware 5.0 software are typ- 
ically double-plotted (Fig. 9.2). This means that each line of 
data represents two consecutive days worth of activity; the second 
day’s data are duplicated at the start of the next line, etc. This 
double-plotted form of activity depiction helps with the visual- 
ization of the activity rhythm, especially when it shows daily drift 
(e.g., when it is uncoupled from external environmental cues and 
is free-running). When humans or monkeys are maintained under 
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fixed photoperiods, such as 12 L:12D (i.e., 12 h of light and 
12 h of darkness per day), analysis of the actograms reveals the 
intensity of total daily activity, as well as activity during the day 
and activity during the night. Such data are valuable in estab- 
lishing whether an individual is showing normal activity behavior. 
For example, using a night-vision camera we have established that 
rhesus macaques typically wake up a few minutes before the lights 
come on in the morning at 7:00 h; that is, they anticipate when 
dawn will occur. They then show a major peak of activity in the 
late morning, just after their morning feed at ~8:00 h. Finally, 
after the lights turn off in the evening (19:00 h), the animals 
continue to move around for a few minutes but generally close 
their eyes soon afterward and cease to show major episodes of 
motor activity. An animal that is sick typically does not show such 
a biphasic diurnal activity profile; it may show an attenuated level 
of activity during the daytime or excessive activity at night. Conse- 
quently, an additional use for the Actiwatch is to gain insights into 
the general health of an animal. A way to further refine the noc- 
turnal activity is to perform a sleep analysis. However, it should 
be emphasized that this component of the Actiware 5.0 software 
has been validated for human studies only, and so strictly speak- 
ing, when applying it to the analysis of nonhuman primate activity 
one cannot refer to it as “sleep analysis” but simply as “nocturnal 
activity analysis.” Nevertheless, the algorithm has been designed 
to provide information about “sleep fragmentation” and “sleep 
latency,” which are used to establish whether a human subject is 
experiencing perturbed sleep, or in the case of nonhuman pri- 
mates, whether the animal is showing unusual activity during its 
normal nocturnal rest period. Note that the epoch setting of the 
Actiwatch needs to be set to 1-min bins, or short, in order for 
this function to work. A practical application of this analysis is 
that if an individual is not sleeping well because of some phar- 
macological intervention or illness, then performance in a cog- 
nitive task may be impaired — indirectly because of perturbed 
sleep-wake or activity—rest cycles (14). Note also that the absolute 
level of activity detected by the Actiwatches may be influenced 
by whether an animal is caged single or pair-caged. As part of a 
psychological enrichment strategy, rhesus macaques at ONPRC 
are typically group housed or pair-caged, which promotes ben- 
eficial grooming behavior. On the other hand, when animals are 
caged individually, as when part of a remote blood sampling study, 
pair caging is not recommended because the protective catheter 
tubing from the two animals can become entangled. So instead, 
we cage the animals individually but install a semi-open partition 
between adjacent cages; this enables neighboring animals to per- 
form mutual grooming without invading each other’s cage floor 
space. Animals kept under different housing/caging conditions 
may show difference in their absolute activity levels, and this needs 
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2.3. Notes on Remote 
Blood Sampling 


2.3.1. Potential 
Biohazard 


2.3.2. Overview of 
Remote Blood Sampling 


2.3.3. Protocol for 
Remote Blood Sampling 


to be taken into account when comparing data from animals that 
have been housed differently. 


When collecting body fluids, such as blood, from nonhuman 
primates the investigators need to treat them as if they are poten- 
tially pathogenic and take appropriate protective measures. Typi- 
cally this involves a face mask, eye protection, gloves, and gown. 
Moreover, the blood tubes should be capped during centrifuga- 
tion, to avoid creating potentially infectious aerosols. 


In our sampling set up (Fig. 9.1), the dead space in the line (i.e., 
the volume between the sampling stopcock and the tip of the vas- 
cular catheter) is typically <2 ml. Consequently, before collecting 
a blood sample, we first draw out this dead volume of heparinized 
saline from the line and discard it. We then withdraw a saline— 
blood mixture, until only dark blood is visible in the line. Finally, 
we collect the blood sample and immediately deposit it into either 
a heparin-coated or EDTA-coated ice-cold borosilicate glass sam- 
ple tube. Note, some hormone assays are adversely affected by 
specific anticoagulants; therefore, the choice of anticoagulant will 
depend on the hormone assay systems that will subsequently be 
employed. After the sample has been collected, an infusion of hep- 
arinized saline is used to flush the line and to restore vascular fluid 
volume. 

Note, some investigators include an additional step in the 
blood sampling procedure, in which red blood cells from the sam- 
pled blood are re-suspended in heparinized saline and re-infused 
into the animal. We prefer to avoid this step as it increases the 
possibility of introducing a blood clot or infection. Provided the 
volume of sampled blood from an adult rhesus macaque does not 
exceed 50 ml in a 24-h period and the animal is given time to 
build up its hematocrit before the next sampling session, signifi- 
cant anemia is avoided. 


Note, although heparinized saline (4 [U/ml of 0.9% saline solu- 
tion) is continuously infused (~1 ml/h) into the animal to keep 
the vascular catheter patent, this concentration of heparin is too 
low to prevent coagulation of a drawn blood sample. There- 
fore, blood should not be allowed to stagnate in the sampling 
line for more than a minute or so. With practice and prepara- 
tion (e.g., pre-filling flushing syringes with heparinized saline) 
the entire procedure can usually be completed within 2 min. 
The following protocol refers to the set up depicted in Fig. 9.1 
and describes the key operations of the remote blood sampling 
procedure: 
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. Removal of dead space saline: Turn the stopcock lever toward 
the pump port (to close the supply line) and draw all of the 
clear saline from the line (animal’s side) into a 3-ml syringe; 
the volume removed should be about 2 ml. Turn the stop- 
cock lever to a position midway between the pump and the 
syringe ports (to close both ports). Remove the syringe, dis- 
card its contents into a receptacle containing bleach, and re- 
attach it to the stopcock. 


. Removal of diluted blood: Turn the stopcock lever back 
toward the pump port (to close the supply line) and draw the 
saline—blood mixture into the same syringe until only dark 
blood fills the line. Turn the stopcock lever to the previous 
midway position (to close both ports), remove the syringe, 
and place it on a sterile pad, taking care not to touch the 
exposed luer end. 


. Collection of blood sample: Attach a new sampling syringe 
(1 or 3 ml) to the stopcock. Turn the stopcock lever toward 
the pump (to close the supply line) and draw the desired 
volume of blood into the sampling syringe. Turn the stop- 
cock lever to the previous midway position (to close both 
ports), remove the syringe, and immediately transfer the 
blood sample into an ice-cold sample tube (containing anti- 
coagulant). Seal the top of the tube with parafilm and main- 
tain it in ice until centrifugation and removal of the plasma. 
Discard the sample syringe into a “Sharps” container. Note, 
occasionally, a blood sample is difficult to draw because the 
animal has adopted a posture that is crimping the vascu- 
lar catheter. In such circumstances it is best to pull out 
the syringe plunger very slowly and in small steps, rather 
than using a continuous draw; this reduces the amount 
of negative pressure, which sometimes causes the vein to 
collapse. 


. Replacement of diluted blood: Re-attach the 3-ml syringe 
containing the saline—blood mixture to the stopcock and 
turn the lever toward the pump (thereby closing the pump 
port and opening the sampling port). Re-inject the mixture 
back into the line and turn the stopcock lever back to mid- 
way position (to close both ports). 


. Flushing the line: Remove the used syringe and discard into 
a “Sharps” container. Replace it with a new 3-ml syringe 
pre-filled with heparinized saline. Turn the stopcock toward 
the pump port (to close the supply line) and inject ~2.5 ml 
of heparinized saline to flush the saline—blood mixture back 
toward the animal. 


. Restoration of vascular fluid volume: Repeat the previous 
step and inject another ~2.5 ml of saline back into the 
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2.3.4. Long-Term 
Catheter Maintenance 


animal (to further clear the line and to restore vascular fluid 
volume). 


7. Return to continuous slow infusion of heparinized saline: Turn 
the stopcock lever back to its original position (pointing 
toward the syringe port), thereby allowing the peristaltic 
pump to continue its slow infusion of heparinized saline. 


8. Preparation for collection of next blood sample: After collec- 
tion of each sample, any spilled blood should be cleaned 
from the outside of the stopcock; for this we recommend 
using a cotton wool swab soaked in a 1% solution of 
chlorhexidine diacetate (e.g., Nolvasan). Also, while waiting 
for collection of the next sample, it is a good idea to fill the 
next set of flushing syringes with heparinized saline, so that 
they are ready to be used immediately after the next blood 
sample is collected. 


Although vascular catheters are commonly used for acute sam- 
pling procedures, we have had great success keeping them 
implanted chronically for more than a year. Success with long- 
term catheter viability includes appropriate set up of the appa- 
ratus and the subsequent rigorous aseptic maintenance of the 
sampling line. Our choice of material for the catheter is Silas- 
tic tubing (0.030 inches I.D. x 0.065 inches O.D.). This mate- 
rial is very pliable and does not stiffen significantly with age, 
although it is more susceptible to kinking than PV-6 tubing 
(0.034 inches I.D. x 0.060 inches O.D.). The Silastic catheter 
is channeled subcutaneously from the subclavian vein to mid- 
scapular region of the back, where it exits the animal and is 
connected to the PV-6 sampling tubing using a home-made 0.5 
inch-long stainless steel 19-ga connector. The PV-6 tubing is con- 
nected to the stopcock using a 19-ga luer stub connector. Before 
use, the blood sampling tubing and stopcock set up is assem- 
bled and sterilized in ethylene oxide, inside a standard steriliza- 
tion peel pouch. Every 2 weeks, the animals are sedated with 
ketamine. During this time, their protective nylon mesh jackets 
are changed, and their cages chemically sanitized. We also use 
this time to flush the disconnected sampling line with ethanol, 
to prevent the potential build up of bacterial bio-films; the line 
is ultimately flushed with heparinized saline before being recon- 
nected to the vascular catheter. Although continuous infusion of 
heparinized saline solution into the animal can be achieved using 
a variety of different infusion pumps, we prefer to use peristaltic 
pumps (e.g., Gilson, Inc., Middleton, WI, USA) because they 
are robust and compact and readily connect to bags of physio- 
logical saline (into which heparin has been added) for long-term 
infusion. 


3. Specific 
Applications 


3.1. Age-Related 
Changes in 24-h 
Activity-Rest Cycles 


3.2. Age-Related 
Changes in 24-h 
Plasma Hormone 
Profiles 
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It is common for nighttime sleep quality and daytime alertness to 
deteriorate in the elderly (17—19). Typical manifestations include 
a decreased amount of sleep, an increased number and duration of 
intra-sleep arousals, increased time in stage 1 sleep, and decreases 
in slow wave sleep stages (20). Additionally, daytime sleepiness 
has been strongly correlated to nighttime sleep fragmentation in 
the elderly (21). The rhesus macaque has long been considered an 
ideal model for neurophysiological studies of sleep because of its 
well-defined nocturnal sleep organization, similarity with human 
physiology and sleep, and ease of handling and housing (20, 22). 
We recently examined the common effects of age on activity—rest 
cycles and sleep—wake parameters in the rhesus macaque (13), and 
examples from a young (10 years old) and old (26 years old) males 
are shown in Fig. 9.4. The overall intensity of daytime activity is 
reduced in the old rhesus macaque, along with the magnitude 
of the activity-rest rhythm, as shown by the light-dark activity 
ratio. Additionally, the inferred quality of sleep in the old ani- 
mal is reduced due to an increase in arousal episodes at night 
resulting in >threefold greater increase in the sleep fragmentation 
index. These results and those of others (23, 24) suggest that 
fragmented and dampened activity-rest rhythms are common in 
old rhesus macaques. Consequently, when designing studies to 
evaluate cognitive performance in old rhesus macaques, it might 
be prudent to first establish if any of the animals show significant 
impairment of the activity—rest cycles, which may indirectly affect 
their cognitive performance (14). 


There are several hormones that can serve as biomarkers of 
aging because their overall levels, as well as their rhythms, 
are thought to be disrupted or dampened with advancing age. 
One such biomarker is the adrenal steroid, dehydroepiandros- 
terone (DHEA) and its sulfated ester (DHEAS). In both humans 
and nonhuman primates, overall circulating concentrations of 
DHEAS show a significant postmaturational decline with age 
(9, 11, 25-29). Whether DHEA and DHEAS exert their phys- 
iological actions directly is unclear as specific receptors to these 
steroids have yet to be identified. On the other hand, there is 
increasing evidence that some of the action may be mediated by 
the conversion of DHEA and DHEAS to other bioactive steroids 
(e.g., testosterone and estradiol) within specific organs and tis- 
sues, including regions of the brain associated with behavior and 
cognitive function (30). Conversely, circulating concentrations of 
the stress-related glucocorticoid, cortisol, which is also produced 
by the adrenal glands, do not decline with age but rather appear 
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Fig. 9.4. Left panels: Double-plotted actograms from a young (upper) and old (lower) male rhesus macaque. Each row 
represents 2 days of activity recording, progressing from top to bottom. Daily periods of light and dark are depicted by 
the white and black horizontal bars, respectively. Right panels: Actiware analysis of averaged daily activity. Note the 
low level of diurnal activity in the old versus young animal but a relatively high level of nocturnal activity; this abnormal 
activity pattern manifests itself as an inferred increase in sleep fragmentation and a generally poor sleep quality index. 
[Figure taken from (13), with permission. Copyright 2007, Elsevier B.V.] 


to be elevated (31-33). Moreover, elevated circulating cortisol 
has been suggested to play a role in neurodegeneration (32-34). 
In a recent study, we examined the 24-h patterns of circulating 
cortisol and DHEAS in young and old male rhesus macaques, 
using previously described assays (11). Figure 9.5 depicts 24-h 
plasma profiles of cortisol and DHEAS (left panel) and the cor- 
responding analyses (center and right panels). As expected, we 
observed robust diurnal variations in the 24-h profiles of corti- 
sol and DHEAS in young males and a marked attenuation of the 
DHEAS rhythm in the old males. Conversely, plasma cortisol lev- 
els were significantly higher in the old males and the peak of the 
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Fig. 9.5. Effect of age on circulating 24-h hormone patterns in male rhesus macaques. Left panels: Mean 24-h plasma 
cortisol and DHEAS profiles from young (~10 years old, n = 5) and old (~26 years old, n = 6) males. Although the blood 
samples were collected over 24-h, from 19:00 to 19:00 h, the data have been double-plotted (indicated by a vertical 
dashed line) to aid in the visualization of the night and day variations in hormone concentrations. The horizontal black 
and white bars on the abscissas correspond to the 12L:12D lighting schedule. Center panels: Analyses of age-related 
differences in mean, maximum, and minimum hormone values. Right panels: Analyses of age-related differences in the 
mean 24-h area under the curve (AUC) of cortisol and DHEAS concentrations. Values are expressed as mean + SEM. *P 
< 0.05, **P < 0.01. [Figure taken from (10), with permission. Copyright 2006, The Society for Endocrinology.] 


3.3. Seasonal 
Changes in 24-h 
Activity-Rest Cycles 


cortisol rhythm appeared to be slightly phase-delayed compared 
to the young group. Elevated DHEA and DHEAS levels have 
been shown to reduce male aggression and to boost cognition 
and learning in rodents; it is unclear, however, if similar benefi- 
cial effects can be obtained in humans and nonhuman primates. 
Other studies have suggested that DHEA and DHEAS can act as 
potent antiglucocorticoids, and so the age-associated decline in 
DHEAS /cortisol ratio may increase the brain’s susceptibility to 
cortisol-induced neurotoxicity (30). 


In humans, seasonal variations have been reported for many phys- 
iological and behavioral traits, including changes in activity—rest 
patterns (7). Using Actiwatch recorders, we recently showed 
that the activity-rest cycle of rhesus macaques also changes 
significantly depending on the photoperiod (15). The animals 
showed considerably more nocturnal activity when maintained 
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under short winter day lengths (comprising 8 h of light per day; 
8L:16D), compared to when they were maintained under long 
summer day lengths (Fig. 9.6), even though they showed no dif- 
ference in average total activity. Furthermore, exposure to the 
8L:16D photoperiod was associated with earlier activity onset 


Activity under 8L:16D photoperiods (weeks) 
Average daily activity 


16L:8D 


Average daily activity 


Activity under 16L:8D photoperiods (weeks) 


Time of day (hours) Time of day (hours) 


Fig. 9.6. Effect of photoperiod on 24-h motor activity in ovariectomized female rhesus macaques. Left panels: Repre- 
sentative actograms from an individual animal that was exposed for 10 weeks to short winter photoperiods (8L:16D) and 
subsequently to long summer photoperiods (16L:8D); the activity data are double-plotted to aid visualization of circa- 
dian changes. Right panels: Representative mean activity profiles during the corresponding 10-week periods. The arrow 
indicates the advancement of activity onset, and the vertical dashed line indicates the beginning of the diurnal phase. 
The horizontal white and black bars indicate day and night, respectively. [Figure adapted from (15), with permission. 
Copyright 2009, The Society for Endocrinology.] 


3.4. Seasonal 
Changes in 24-h 
Plasma Hormone 
Profiles 
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each day, which occurred while the lights were still off, as well as 
a significant advancement of the peak of the daily activity rhythm. 

In natural environments, short photoperiods are generally 
associated with the onset of unfavorably low temperatures and 
a scarce food supply. In this context, the advancement of the 
activity rhythm and other physiological functions in the winter 
would help to optimize the use of a shorter light phase. Another 
way of interpreting these data is that the animals centralize their 
daily activity around the middle of the day, regardless of pho- 
toperiod. This means that in short winter photoperiods their daily 
activity onset occurs several hours before dawn. Note that in our 
study we kept dawn fixed for each of the photoperiods, at 7:00 h. 
Thus, under 8L:16D the animals woke up at ~5:00 h, 6 h before 
the middle of the day (i.e., at 11:00 h). Under 16L:8D, how- 
ever, they woke up at ~7:00 h, which was 8 h before the mid- 
dle of the day (i.e., at 15:00 h). When viewed from this alterna- 
tive perspective (i.e., relative to midday rather than dawn), our 
monkey activity data agree with previously published human data 
(35) showing that humans wake up earlier in summer than in 
winter. 


In addition to continuous activity monitoring mentioned above, 
we also monitored 24-h plasma cortisol and DHEAS concentra- 
tions in rhesus macaques after 10 weeks of exposure to either 
short or long photoperiods (15). No significant differences were 
detected in either the mesor or amplitude of the plasma corti- 
sol rhythm (Fig. 9.7). However, the cortisol peak was attained 
around the time when lights came on (i.e., at 07:00 h), when 
the animals were maintained under the 16L:8D photoperiod but 
showed a significant phase advancement when they were main- 
tained under 8L:16D; notably, plasma cortisol levels reached 
a maximum while the animals were still in the dark phase of 
their daily photoperiodic cycle. No significant differences were 
detected in either the mesor or amplitude of the plasma DHEAS 
rhythm (Fig. 9.7), although both parameters showed a tendency 
to decrease under the 16L:8D photoperiod. Under the 16L:8D 
photoperiod the peak of the DHEAS rhythm occurred approxi- 
mately 3—4 h after the lights came on in the morning, whereas 
under 8L:16D it occurred significantly earlier, within an hour of 
the beginning of the light phase. 

Interestingly, the phase advancement of the cortisol rhythm 
under short days (Fig. 9.7) parallels that of the activity rhythm 
(Fig. 9.6), and so a causal relationship is likely to exist between 
the two rhythms. In view of its physiological functions, an earlier 
peak of cortisol might help an individual to achieve a state of 
arousal earlier in the day, thus facilitating an earlier awakening 
relative to dawn and so maximizing the animal’s ability to forage 
under short winter photoperiods. 
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Fig. 9.7. Effect of photoperiod on the 24-h circulating cortisol and DHEAS rhythms in female rhesus macaques (left 
and right panels, respectively). Plasma samples were collected from the same animals after 10 weeks of exposure 
to either short winter photoperiods (8L:16D) or long summer photoperiods (16L:8D). Values are expressed as means 
+ SEM (n = 3); the data are double-plotted to aid visualization of circadian changes. Vertical dashed lines within each 
panel indicate the hormonal peaks, and the horizontal white and black bars represent day and night, respectively. Note the 
phase advancement of the two hormone rhythms under short days, which resembles the phase advancement in the onset 
of daily activity (Fig. 9.6). [Figure adapted from (15), with permission. Copyright 2009, The Society for Endocrinology.] 


4. Impact 

of Biological 

Rhythms f . a 

on Experimental Section 3 emphasizes how circadian and seasonal rhythms 
Design can influence mechanisms that underlie many physiological and 


behavioral functions in vivo. Equally important, these rhythms 
can profoundly affect the outcome of studies designed to eluci- 
date gene expression changes in vitro. For example, specific gene 
microarrays for both humans and rhesus macaques are now avail- 
able commercially (e.g., Affymetrix), and these can be used for 
cost-effective gene profiling studies; details of the methodology 
used for analyzing the data from rhesus macaque gene microarrays 
are described elsewhere (2, 3). Our recent rhesus macaque gene 


Behavior of Humans and Nonhuman Primates 233 


microarray studies emphasize that caution needs to be exercised 
when designing such studies, because the expression of many 
genes, like the release of many hormones, is profoundly affected 
by circadian and seasonal rhythms (12, 15). It has been estimated 
that at least 10% of the expressed genes are likely to show a 24-h 
expression pattern, and so the time of day when RNA samples are 
collected can influence detection of significant changes in gene 
expression levels. 

For example, the gene expression profiles of different exper- 
imental groups may appear to be similar if the RNA samples are 
collected at a time of day when the genes of interest are at the 
nadir of their circadian expression. In such circumstances, the 
optimal time of day for collecting RNA samples should be empir- 
ically determined for each gene of interest, and this information 
incorporated into the experimental design. This is particularly 
important when comparing gene expression profiles from a noc- 
turnal rodent with that of a human or rhesus macaque, as data 
points obtained during an investigator’s normal working hours 
would correspond to the rodent’s subjective night but to the pri- 
mate’s subjective day, and so the results from the two animal 
models might not be directly comparable. Similarly, when pho- 
toperiodic species such as the rhesus macaque are housed out- 
doors, some of their genes show differential expression according 
to the time of year, and this needs to be taken into account when 
performing physiological and behavioral testing. By carefully con- 
trolling for circadian and seasonal variation one can optimize the 
physiological relevance of differential gene expression results and 
gain more meaningful insights into the mechanism that underlie 
normal and pathological human physiology and behavior. 
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Chapter 10 


Traumatic Brain Injury in Animal Models and Humans 


Hita Adwanikar, Linda Noble-Haeusslein, and Harvey S. Levin 


Abstract 


Clinical/behavioral measures have traditionally been used to assess neurologic outcomes after human 
traumatic brain injury (TBI) as well as in experimental models of TBI. In this chapter, we address the 
metrics to assess injury/recovery in human TBI and consider the determinants of outcome. Further, we 
describe the commonly used experimental rodent models of TBI and the behavioral assays employed in 
these models for three major categories of neurologic assessments: sensorimotor (aggregate and individ- 
ual tests), cognitive (memory and avoidance paradigms), and affective (novelty, social interaction, and 
anxiety) behaviors. Finally, we discuss the issues underlying use of behavioral assays in successful transla- 
tion of candidate therapeutics from experimental models to human TBI. 


1. Introduction 


Traumatic brain injury (TBI) initiates a cascade of events that col- 
lectively contribute to secondary pathogenesis and in some cases 
reparative processes and behavioral impairments (1). It is the lat- 
ter that is the focus of this review. Here we address the behavioral 
sequelae following human TBI, the determinants of outcome, as 
well as the outcome measures used to assess function. We further 
consider behavioral paradigms in experimental models of TBI, as 
these measures have been traditionally used to screen candidate 
therapeutics for the brain-injured patient. 


J. Raber (ed.), Animal Models of Behavioral Analysis, Neuromethods 50, 
DOI 10.1007/978-1-60761-883-6_10, © Springer Science+Business Media, LLC 2011 
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2. Human TBI: 
Overview 


In the following sections, we briefly review the epidemiology and 
pathophysiology of human TBI. Following this introduction, we 
present a summary concerning the determinants of outcome and 
describe neurobehavioral measures for various domains of out- 
come. Caveats regarding translational aspects of patient-oriented 
TBI research are also mentioned. 

Epidemiology and pathophysiology. Human TBI occurs with an 
incidence that is related to age and gender reaching a peak of 
about 400/100,000 in adolescents and young adults (2). The 
incidence of TBI is generally higher in males than in females, 
but this gender disparity is reduced at both extremes of age (2). 
Closed head traumas resulting from blunt trauma, falls, sports- 
related injuries, and acceleration/deceleration forces associated 
with motor vehicle crashes account for most cases of TBI in 
civilians. Falls predominate in adults over 60 years old and are 
common in young children, whereas vehicular injury and sports- 
related injuries are more common in adolescents and young 
adults. 

Briefly, the pathophysiology of TBI associated with closed 
head trauma is heterogeneous and can be divided between dif- 
fuse brain injury and focal or multifocal lesions (3, 4). Diffuse 
brain injury includes shearing and stretching of axons, reflecting 
the biomechanics of injury, and secondary insult due to excito- 
toxic cascades over the hours and possibly days after injury. The 
designation “diffuse axonal injury” implies widespread injury to 
white matter, but axonal injury can also be focal and is not nec- 
essarily equally distributed throughout the brain. With evidence 
that many cognitive functions depend on widely distributed net- 
works that are often prefrontally guided (5), disruption of white 
matter connections is thought to be an important determinant 
of cognitive deficits. Inflammation, brain swelling, and oxygen 
toxicity also contribute to secondary injury (3). Extraparenchy- 
mal lesions include expanding epidural and subdural hematomas 
which can result in increased intracranial pressure pending surgi- 
cal evacuation. Parenchymal focal lesions include cortical contu- 
sions and intracerebral hematomas which generally do not require 
surgery but could contribute to neuropsychological deficit at least 
during the initial months following injury. TBI in the moderate- 
to-severe range often has both diffuse injury and focal lesion 
components, thus contributing heterogeneity to the pathophys- 
iology (6). In addition, acute complications such as hypoxia 
and hypotension can exacerbate the brain injury and worsen the 
outcome (7). 


3. Severity of TBI 
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Impairment of consciousness. Glasgow Coma Scale (8): The Glas- 
gow Coma Scale (GCS) is the most widely used measure of acute 
TBI severity especially for closed head trauma. The GCS evalu- 
ates impairment of consciousness based on the best eye opening, 
motor response, and verbal response that the examiner can elicit. 
The total GCS score, which is the sum of these three component 
scores and ranges from 3 to 15, is an index of overall severity. By 
convention, mild TBI is defined by a GCS score of 13-15 where a 
score of 13-14 denotes disorientation and confusion and a score 
of 15 indicates normal consciousness. Moderate TBI corresponds 
to a GCS score of 9-12 indicative of impaired consciousness but 
not coma. Severe TBI is defined by a GCS score <8, indicating 
coma as defined by no eye opening, inability to follow commands, 
and no comprehensible speech. However, it has been increas- 
ingly recognized that the post-resuscitation GCS score obtained 
after arrival in an emergency center may be insufficient to clas- 
sify injury severity for research purposes (6). Pathology of injury 
seen on brain imaging (7), neurosurgical findings in patients with 
evacuation of mass lesions, and early neurologic deficit such as 
impaired pupillary response (9) are robust indicators of injury 
severity that must be considered along with the trajectory of GCS 
scores over the first 24-72 h. Rapid recovery of consciousness 
reflected by a steep trajectory of increased GCS scores during the 
first 24-72 h post-injury is prognostic of a better global outcome 
than a more protracted course of slowly improving or highly vari- 
able GCS scores even though the initial post-resuscitation GCS 
score may be identical in these two hypothetical patients. Other 
caveats include associated injuries that interfere with performing 
the GCS (e.g., ocular injury which complicates assessment of eye 
opening), obscuration of the early GCS by intoxication due to 
alcohol or drugs, and pharmacologic sedation, which confounds 
measuring conscious level with the GCS. 

Post-traumatic amnesia (10): In post-acute studies, hospital 
records from the acute injury phase may be unavailable. Post- 
traumatic amnesia (PTA), the length of time after injury for which 
the patient has no lasting memory of events when queried at a 
later date, provides an index of TBI severity (10). A caveat is that 
retrospective estimation of PTA duration depends on the patient’s 
recall and cooperation. Consequently, retrospective estimation of 
PTA duration is best approached by a careful interview and cat- 
egorization of the duration, i.e., <30 min, >30 min but <24 h, 
>24 h but <7 days, and >7 days. Brief tests designed to assess ori- 
entation, appreciation of the circumstances of injury, attention, 
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and memory for ongoing events have been developed to monitor 
PTA directly in patients during their initial hospitalization or reha- 
bilitation (11, 12). Retrograde amnesia (RA) for events before the 
injury can also occur, especially for the period immediately prior 
to trauma. As with PTA, the length of RA tends to recede over 
the days and weeks following injury. In contrast to animal mod- 
els which can include pre-injury training on a task to provide a 
baseline for measuring post-injury RA, it is difficult to establish a 
baseline in patients. One approach has been to test memory for 
widely accessible information that the individual is likely to have 
been exposed, including public events and popular media (13). 

Acute computed tomography (CT): Complimentary to the 
impairment of consciousness and duration of PTA, the acute brain 
pathology seen on computed tomography (CT) has also been 
used to classify severity of TBI (14). Variables of interest include 
the size of mass lesion, extent of midline shift toward the oppo- 
site hemisphere caused by a unilateral lesion, and the presence of 
diffuse brain swelling as reflected by obscuration of the ventricles 
and cisterns. 

Penetrating missile wounds of the brain: Penetrating brain 
injuries due to gunshot wounds and other missiles are far less 
common than closed head trauma in civilians. In contrast to 
closed head trauma, these injuries are relatively focal and related 
to the track of the foreign body. Consequently, the neurobehav- 
ioral sequelae are more strongly related to the localization of the 
neuroanatomic site of injury and are generally less dependent on 
diffuse brain insult (15-17). Consequently, a penetrating injury to 
the left hemisphere may produce aphasic disorder and right hemi- 
paresis despite relatively mild impairment of consciousness. Post- 
traumatic epilepsy, which is especially prevalent following pene- 
trating missile injuries of the brain, exacerbates cognitive sequelae 


(18). 


4. Determinants 
of Outcome 


Table 10.1 presents the patient (host) and injury variables that 
have been shown to predict outcome of TBI associated with 
closed head trauma. Although there is variation across studies in 
the predictors analyzed and the samples of patients have differed 
in severity of injury, follow-up interval, and subject variables, the 
general findings are summarized in Table 10.1. It is seen that 
severity of TBI is a major determinant of outcome as is age at 
injury. Mortality and disability are highest at the extremes of the 
age distribution. 
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Table 10.1 
Determinants of outcome of human TBI? (4, 19) 
Category Determinants of outcome 
Patient (host) e Age 
variables o Intelligence 
e Comorbidities: substance abuse, neurologic disorders, psychiatric disorders 
e Genotype 


e Resilience 


Injury variables o Severity and duration of impaired consciousness 
e Pupillary response to light 
e Mass lesion and location (especially penetrating missile) 
e Intracranial pressure 
e Complications: hypotension, hypoxia, post-traumatic epilepsy 
e Other injuries such as limb fractures 
Environment e Medications and associated neurotoxicity 
e Rehabilitation and neuroplasticity 
e Social support and environmental enrichment 


*Determinants that are most strongly supported by prospective, longitudinal outcome studies are presented in italics. 


5. Assessment of 
Outcome of TBI 


An interagency Common Data Elements Traumatic Brain Injury 
Outcomes Workgroup (19) identified domains of outcome, 
including recovery of consciousness, global level of function, 
neuropsychological impairment, psychological (emotional) status 
and post-concussion symptoms, performance of everyday activi- 
ties, social role participation, and perceived health-related qual- 
ity of life. Within each domain, the Workgroup distinguished 
core measures that have been well validated for general appli- 
cation to the adult TBI population and shown to be sensitive 
to change over time. Specialty measures recommended for use 
with specific populations or to address specific research questions 
were identified for each domain as were future measures that are 
under investigation. Table 10.2 provides a summary of the out- 
come measures recommended by the TBI Outcomes Workgroup. 
Under neuropsychological impairment, the subdomains includ- 
ing episodic memory, attention/processing speed, and executive 
function encompass the most frequent impairments reported in 
patients following TBI due to closed head trauma. Although 
quantitative neuropsychological tests are widely used to measure 
the subdomains noted in Table 10.2, problems in executive func- 
tion and memory may also impact performance of daily activi- 
ties such as planning, monitoring performance, and flexibility in 
switching tasks or dividing one’s attention between tasks. 
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Table 10.2 


Outcome measures recommended by interagency TBI Outcomes Workgroup (19) 


Outcome 


Core measure(s) 


Specialty measures 


Global outcome 


Recovery of 
consciousness 


Neuropsychological 
impairment 

Episodic memory 

Attention /processing 
speed 


Executive function 


Motor speed 


Psychological status 


TBI-related symptoms 


Behavioral function 


Cognitive activity 
limitations 


e Glasgow Outcome Scale- 
Extended (GOSE) (23, 85) 


e Rey Auditory Verbal Learn- 
ing Test (RAVLT) (92) 

e Processing Speed Index 
from the WAIS-III (94) 


e Trail Making Test (TMT) 
(95) 


e Grooved pegboard test (96) 


e Brief Symptom Inventory- 
18 Item (BSI-18) (100) 


e Rivermead Post-concussive 
Symptom Questionnaire 
(RPQ) (113, 114) 


e Functional Independence 
Measure-Cognition Sub 
-scale (Cog-FIM) 
(119-121) 


e Mayo-Portland adaptability inventory 
(MPAI-4) (86, 87) 

e Disability Rating Scale (DRS) (88) 

e Short Form-36 medical outcome study 
(SF-36v2) (89, 90) 


e JFK Coma 
(CRS-R) (91) 


Recovery Scale-Revised 


e Brief Visuospatial Memory Test-Revised 
(BVMT-R) (93) 

e Digit Span subtest of the Wechsler Adult 
Intelligence Scale (WAIS-III) (94) 


e Letter-Number Sequencing subtest of 
the Wechsler Adult Intelligence Scale 
(WAIS-IIT) (94, 96) 

e Controlled Oral Word Association Test 
(COWAT) (97, 98) 

e Color-Word Interference Test (99) 


e | NIH toolbox cognitive battery 


e Minnesota Multiphasic Personal- 
ity Inventory-2-Restructured Form 
(MMPI-2-RF) (101) 

e Alcohol Use Disorders Identification 
Test (AUDIT) (102-104) 

e Substance Use Questions from the TBI 
Model Systems Dataset (105, 106) 

e Alcohol, Smoking, and Substance Use 
Involvement Screening Test (ASSIST) 
(107, 108) 

e PTSD Checklist — Civilian/Military/ 
Stressor Specific (PCL - C/M/S) (109, 
110) 

e The Family Assessment Device (FAD) 
(UL, 1D) 


e t NIH toolbox emotional battery 


e Neurobehavioral Symptom Inventory 


(NS) (115) 


e The Frontal Systems Behavior Scale 
(FrSBe) (116-118) 


(continued) 
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Table 10.2 (continued) 
Outcome Core measure(s) Specialty measures 
Physical function e Functional Independence 


Social role participation 


Perceived generic 
and disease-specific 
health-related quality 
of life 


Health-economic 
measures 


Patient reported 
outcomes (future 
multidimensional 
tools) 


Measure-Motor Subscale 
(FIM) (122, 123) 


e NIH Toolbox Motor and Sensory 
Batteries 

et Neurological Outcome Scale for 
Traumatic Brain Injury (NOS-TBI). 


e Craig Handicap and 
Assessment Reporting 
Technique (CHART-SF) 
(124, 125) 


° t Participation Assessment with 
Recombined Tools ( PART) 


e Satisfaction With Life Scale 
(SWLS) (126, 127) 


et Quality of Life after Brain Injury 
(QOLIBRI) (128) 
e EuroQOL (129, 130) 


o | Patient Reported Outcome Measure- 
ment Information System (PROMIS) 
(131) 

e Neuro-QOL (132, 133) 

e TBI-QOL (134, 135) 


TFuture measures are presented in italics. 


Psychological (emotional) status and behavior. This domain of 
outcome is also sensitive to prefrontal-temporal injury includ- 
ing effects of TBI on the orbitofrontal-amygdala system. Major 
depression, disinhibition, and irritability are frequent behavioral 
sequelae of TBI associated with closed head trauma. These behav- 
ioral sequelae may also result from penetrating missile wounds 
of the brain, depending on the neuroanatomic site of injury. 
Depression and anxiety may persist despite good cognitive recov- 
ery following mild TBI (20). In addition to self-report mea- 
sures, scales completed by a caregiver and rating forms completed 
by an examiner based on a structured interview are informa- 
tive. Behavioral sequelae been implicated in residual problems in 
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social functioning, including loss of friends and loneliness. Fami- 
lies have reported that the behavioral effects of severe TBI consti- 
tute the greatest burden on caregivers (21), but also see Temkin 
et al. (22). 

Challenges to researchers investigating outcome: The diversity 
and number of relevant outcome measures are often a challenge 
for examiners to implement. First, patients tend to fatigue easily 
during the early post-injury phase thus limiting their capacity to 
complete a lengthy examination. Catastrophic TBI may also result 
in cognitive deficits that limit the patient’s capability of compre- 
hending and completing more difficult neuropsychological tests, 
thus resulting in selection bias. 

Assessment of global outcome and functional recovery 
depends on integration of sources of information, raising a ques- 
tion of interexaminer reliability and sufficient training of the 
examiners. Multicultural issues must also be addressed, includ- 
ing the assessment of individuals whose primary language is not 
English. Analysis of multiple outcome measures raises questions 
about spurious results, an issue which can be potentially mit- 
igated by developing composite measures. Models of outcome 
that emphasize participation in activities within the family, com- 
munity, and at work have drawn a distinction between impair- 
ment identified by a neuropsychological test and disability which 
reflects curtailment of participation. 

Heterogeneity in outcomes: In general, cognitive and behav- 
ioral sequelae contribute more to disability following TBI than 
motor or other specific neurologic deficits (23). Cognitive deficits 
at least partially resolve during the first 6-12 months after 
moderate-to-severe TBI, whereas cognitive recovery is gener- 
ally complete within 1-3 months following mild TBI. However, 
impaired episodic memory on tests of recalling word lists or spa- 
tial location of items persists following moderate-to-severe TBI in 
about 20-25% of adults whose other cognitive functions recover 
relatively well during the first year post-injury (24). This dissocia- 
tion may be attributed to hippocampal damage, but recent studies 
using diffusion tensor imaging (DTI) have shown that compro- 
mise of the microstructure of white matter connections includ- 
ing prefrontal and temporal white matter and corpus callosum is 
related to the cognitive sequelae of TBI (25, 26). 

However, there is heterogeneity in outcomes and the most 
salient deficits among patients sustaining moderate-to-severe TBI. 
A patient whose TBI is complicated by extensive focal injury in 
the posterior region of the right hemisphere may be disabled by 
visuospatial neglect despite otherwise good recovery of cognition 
whereas other patients’ functional recovery may be limited by lan- 
guage deficits though these severe, specific deficits persist in a rel- 
atively small subgroup of recovering TBI patients whose injury 
mechanism was closed head trauma. 
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Heterogeneity seems to be one of the fundamental barriers 
to successful therapeutic trials in TBI. A clear disconnect exists 
between preclinical research and the lack of treatment effects in 
clinical trials (27). In the search for neuroprotective therapeutics, 
animal models play an important role in elucidating the molec- 
ular and cellular mechanisms underlying secondary pathogenesis. 
While individual models of TBI may lack the heterogeneity seen 
in human TBI, the diversity of models provides a means for vali- 
dating robust neuroprotection that is not constrained to a single 
model. In the following sections, we review the most common 
rodent models of TBI with special emphasis on those behavioral 
metrics that are most closely aligned to human TBI. 


6. Animal Models 
of TBI: Overview 


A number of tests have been developed to profile emerg- 
ing deficits and/or recovery after experimental TBI. Behavioral 
assays, conducted at varying times post-injury, provide an essen- 
tial background for understanding the underlying relationships 
between pathogenesis, wound healing, and clinical measures of 
recovery. Broadly, these tests fall into three categories: sensorimo- 
tor, cognitive, and affective behaviors. In the following sections, 
we review these measures of function in the context of experimen- 
tal models of TBI in the rodent. We limit this review to rodent 
models, the species that have been most studied in experimental 
models of TBI, and to the most common models of TBI; namely, 
fluid percussion injury, controlled cortical impact, impact accel- 
eration injury, and closed head injury (Table 10.3). Readers are 
referred to recent reviews that describe these models in detail (28, 
29-31). While the unique characteristics of these models may 
impart behavioral “signatures,” they also produce some similar 
findings across different models. In these sections, we highlight 
both the differences and similarities in behavioral profiles across 
the different models of TBI. In general, comparisons described in 
this review are against sham-injured animals. 

Early determinants of outcome (Table 10.4): With this focus 
on rodent models, we acknowledge differences that exist between 
species and strains (32, 33). Such differences may influence how 
the brain responds to injury and the profile of behavioral recovery. 
Thus, we present findings in the context of both the type of injury, 
and when available, the species/strain studied. 

Beyond differences related to species/strain, a number of 
early determinants of behavioral outcomes have been identified 
(Table 10.4), paralleling the determinants of outcome following 
human TBI. These include type of injury, location and severity of 
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Table 10.3 


Characteristic pathologic features of the most commonly studied animal models of 
TBI. For reviews, refer to (28-30, 34) 


Experimental model 


Characteristic pathologic features 


Fluid percussion injury e Focal cortical contusion 


e Intraparenchymal hemorrhage 
e Marked diffuse axonal injury 
e Widespread cortical and subcortical damage 


Controlled cortical impact e Focal cortical contusion 


e Intraparenchymal hemorrhage 
e Some diffuse axonal injury 
e Widespread cortical and subcortical damage 


Impact acceleration injury e Absence of focal lesions 


Closed head injury 


e Mild subarachnoid hemorrhage 
e Marked diffuse axonal injury 
e Cortical damage directly beneath impact site and in hippocampus 


e Focal cortical contusion 

e Intraparenchymal hemorrhage 

e Some diffuse axonal injury 

e Increased possibility of skull fracture 


Table 10.4 


Major determinants of outcome following experimental TBI. For details, refer to (29, 
35, 39, 40, 42, 43, 47, 52, 54) 


Determinants 


Comments 


Location of 
injury 


Severity of 
initial insult 


Gender 


Species and 
strain 


Age at time of 
injury 


e Midline brain injuries have a greater brain stem component than lateral injuries. 
Midline injury leads to greater asymmetrical dysfunction than anterior or pos- 
terior injuries 

e Mild, moderate, or severe injury yields graded effects on the behavioral 
sequelae 


e Sensorimotor deficits after TBI are greater in males compared to females 


e Rats and mice have different responses to injury, with mice showing less severe 
injury 

e C57BL/6 are more sensitive to injury on the beam walking task, compared to 
FVB/N or 129/SVEMS. The latter strains are also unable to learn the Morris 
water maze or Barnes circular maze tasks 


e The developing brain is sensitive to age at time of injury 
e Both the immature and the aging brain show enhanced response to injury 


the initial insult, gender, and age at time of injury. The pathophys- 
iology of TBI occurs over time and in a pattern consistent with 
the biomechanics of the initial impact. Acceleration/deceleration, 
focal, and diffuse models of injury have differing but well-defined 
cascades of temporal progression and lead to specific patterns 


Traumatic Brain Injury in Animal Models and Humans 247 


of cellular and neurophysiological damage (34). Moreover, the 
biomechanics of injury are differentially impacted by location and 
severity of injury, leading to varying outcome (35). While ani- 
mal models replicate different aspects of human TBI, the choice 
of experimental model depends on the underlying objectives of a 
study (28, 30) and an understanding of the relationship between 
the model and the emerging behavioral phenotype. 

Gender is also a determinant of the behavioral phenotype. 
Experimental models of TBI have historically focused on males. 
However, over the past decade it has become increasingly clear 
that gender is a determinant of performance in behavioral tasks 
(36, 37) including those that assess working, reference, and spa- 
tial memory (38, 39). The underlying differences between gen- 
ders may at least in part reflect diverging pathophysiology and 
behavior that show a differential sensitivity to a given therapeu- 
tic. For example, sensorimotor deficits, measured by foot faults 
in the grid walk test, are significantly greater in male C57B1/6 
mice compared to females, 1 week following a controlled cortical 
impact, while spatial learning deficits are similar between genders 
(40). While human studies have noted a gender difference in the 
epidemiology of TBI (2), the differences in injury response and 
behavioral phenotype due to gender are not well understood. 

Age at the time of injury also influences outcome. For exam- 
ple, trauma to the developing brain modifies subsequent matura- 
tion and interferes with the acquisition of age-appropriate skills 
(41). The developing, immature brain is uniquely vulnerable to 
injury. Moreover, the enhanced post-injury plasticity attributed 
to the developing brain limits normal developmental neuroplas- 
ticity, especially at selective time periods after injury (42). At the 
opposite end of the temporal spectrum, TBI to the aging rodent 
brain results in a greater loss of function compared to the injured 
adult brain. For example, when adult and aging rodents are sub- 
jected to controlled cortical impact, the latter shows more pro- 
nounced early edema, neurodegeneration, and functional deficits 
(43). These findings suggest that both early and prolonged sec- 
ondary pathogenesis in the aging brain contribute to poorer 
behavioral outcomes. 


7. Experimental 
TBI: Behavioral 
Assays 


Various behavioral tests have been used to assay specific compo- 
nents of neurological dysfunction following TBI. Here we sum- 
marize these findings according to sensorimotor, cognitive, and 
affective behaviors. 
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Table 10.5 


Examples of sensorimotor behavioral tests according to species/strain and type of 
TBI. For reviews, refer to (47, 51) 


Behavioral measures 


Species/strain 


Type of injury 


Aggregate tests 


Composite neuroscore 


Neurologic severity score 


SNAP assessment 
Individual tests 


Rats/Sprague Dawley 
Mice/C57B1/6 
Rats/Sprague Dawley 
Mice/Sabra 
Mice/C57B1/6 


Fluid percussion injury 
Controlled cortical impact 
Closed head injury 
Impact acceleration injury 


Controlled cortical impact 


Rotarod Rats/Sprague Dawley Controlled cortical impact 
Rats/Sprague Dawley Fluid percussion injury 
Rats/Sprague Dawley Impact acceleration injury 
Mice/C57B1/6, FVB/N, Controlled cortical impact 

129/SvVEMS 

Grid walk Mice/C57B1/6 Controlled cortical impact 

Spontaneous forelimb use Mice/C57B1/6 Controlled cortical impact 

Wire hang Mice/CF-1 Closed head injury 


Beam balance 


Beam walk 


Adhesive tape removal 


Rats/Sprague Dawley Fluid percussion injury 
Rats/Sprague Dawley 


Mice /C57B1/6 


Controlled cortical impact 


Controlled cortical impact 


Rats/Sprague Dawley Fluid percussion injury 


Rats/Sprague Dawley Controlled cortical impact 


Rats/Sprague Dawley Fluid percussion injury 


Sensorimotor behavior (Table 10.5): Motor function is inte- 
grated and mediated by a complex network of nuclei of the 
vestibulomotor pathway (44). Motor deficits, arising from TBI, 
may in part reflect damage to this pathway. A number of tests 
measure the ability of the brain-injured animal to locomote and 
maintain balance. Few of these tasks, however, purely test motor 
behavior. Each has a component of sensory feedback and propri- 
oception, and therefore, most tasks are considered to be sensori- 
motor in nature. 

One approach to profiling motor/sensory function is the use 
of aggregate tests that incorporate different measures of function. 
In the context of TBI, aggregate tests include the composite neu- 
roscore, the neurological severity score (NSS), and the Simple 
Neuroassessment of Asymmetric imPairment (SNAP). 

The composite neuroscore includes tests of flexion of fore- 
limb and hindlimb, walking ability in a line or in a circle, abnormal 
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movements, proprioception, as well as reflexes. This test was first 
described in rats and then modified for mice (45). Animals are 
scored on a 4 (normal) to 0 (severely impaired) scale using each 
of the following indices: (a) forelimb flexion, (b) resistance to 
lateral pulsion, (c) circling behavior in spontaneous ambulation, 
(d) ability to stand on an inclined plane, and (e) open-field activ- 
ity. A total composite functional neuroscore of 0-20 is deter- 
mined by combining the scores for the various tests so that 20 
= normal, 15 = slightly impaired, 10 = moderately impaired, 5 
= severely impaired, and 0 = non-functional. Fluid percussion 
injury in Sprague Dawley rats produces a chronic neurological 
deficit lasting up to 4 weeks that reflects to the severity of the ini- 
tial injury (46). A modified composite neuroscore, ranging from 
0 (non-functional) to 12 (normal), has been described for mice 
(C57BI/6) and shown to predict marked behavioral impairments 
(scores of 9) when animals are subjected to a controlled cortical 
impact (45). 

The NSS is another example of an aggregate measure 
(Table 10.6). Animals are scored on an all or none scale on multi- 
ple tests, with the overall NSS score being the sum of these tests. 
Individual tests include limb flexion, head movement, ability to 
walk straight, abnormal movements such as immobility, tremor, 
and myodystony, sensory tests, and tests of reflexes (47). Sprague 
Dawley rats with a closed head injury and evaluated on a scale of 
1-24 show a decrease in the score over 30 days (48). The NSS 
likewise reveals deficits in murine (Sabra mice) models of TBI 
including impact acceleration injury that persist for at least 30 
days post-injury (49). 

The aggregate scoring test known as the SNAP test has 
recently been developed to evaluate the relationship between 
magnitude of injury and functional recovery in a murine model 
of controlled cortical impact (50). This test incorporates mea- 
sures of vision, proprioception, motor strength, and posture, and 
the SNAP score reflects a summation of these assessments. The 
SNAP is based on a scale from 0 to 25, with a neurologically 
intact animal expected to have a score of 0. C57B1/6 mice, when 
subjected to a moderate controlled cortical impact, show scores 
of about 8.4 at 3 days post-injury and persistent deficits (SNAP 
score = 6.1) at 12-14 months post-injury. 

While aggregate tests provide an overall behavioral profile, 
individual tests offer insight into sensorimotor functions that may 
be affected by the injury. These include assessments of perfor- 
mance on a rotarod, ability to locomote across a wire grid, spon- 
taneous forelimb use, beam balance, beam walk, and adhesive 
removal test. The rotarod test, in particular, is a very sensitive and 
efficient index for assessing sensorimotor impairments produced 
by TBI (51). This test assays the ability of the animal to maintain 
balance on a rotating rod by measuring latency to end of a trial 
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Table 10.6 

Measurement of neurological severity score. For details, refer to (48). One point 
is given for failure to perform a task, thus, a higher score indicates a more severe 
injury. The animals are evaluated at 1 h and again at predetermined time points 
between 1 and 30 days. The difference between the new score and the 1 h score, 
ANSS, defines the extent of recovery of the tested animal 


Evaluation (time after injury) 


Neurological severity score Th >1h 


Inability to exit from a circle (50 cm in diameter) when left in its 


center 
For 30 min after injury Jl - 
For 60 min after injury it -= 
> 60 min after injury IL - 


Loss of righting reflex 


For 20 min after injury Jl - 
For 40 min after injury Il -= 
> 60 min after injury Jl l 
Hemiplegia — inability to resist forced changes in position IL l 
Flexion of hindlimb when raised by the tail 1 l 
Inability to walk straight when placed on the floor 1 l 
Reflexes 

Pinna reflex 1 1 
Corneal reflex l 1 
Startle reflex 1 1 
Clinical grade 

Loss of seeking behavior IL l 
Prostration 1 1 


Limb reflexes 


Loss of placing reflexes 


Forelimbs left/right IL l 
Hindlimbs left 1 l 
Hindlimbs right IL l 


Functional test 


Failure in beam balancing task (1.5 cm wide) 


For 20 s 1 l 
For 40 s Jl 1 
For >60 s 1 l 
Failure in beam walking task 

8.5 cm wide Il l 
5 cm wide 1 1 
2.5 cm wide Jl l 


Maximum points 24 20 
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(falling off the rotarod or gripping the device for two consecutive 
revolutions). Test paradigms include different rotation speeds and 
accelerating rotation. Mice (C57B1/6, FVB/N, 129/SvEMS), 
subjected to a controlled cortical impact, show deficits in per- 
formance up to 7 days following a moderate insult (52) whereas 
Sprague Dawley rats, subjected to a similar injury, show deficits in 
the rotarod test for several weeks (53). 

The grid walk test allows for the independent assessment of 
all four limbs. Animals locomote on an elevated grid surface, and 
the percentage of stepping errors (foot faults) is calculated. The 
asymmetry of foot faults is measured by the difference between 
ipsilateral and contralateral foot faults. Injury results in location- 
dependent contralateral forelimb deficits. Increased contralateral 
foot faults are evident up to 4 weeks following controlled cortical 
impact in C57B1/6 mice (54). 

The spontaneous forelimb-use task allows the exclusive eval- 
uation of forelimb function. It assays function of the forelimbs in 
vertical wall exploration (54). When placed in a Plexiglass cylin- 
der, the animal rears to a standing position on the cylinder wall, 
supporting its weight with either one or both of its front limbs. 
The forelimb preference during vertical exploratory movements 
has been quantitatively evaluated by measuring the time spent 
supporting its weight on each foot. C57B1/6 mice, sustaining a 
controlled cortical impact, show asymmetry in their forelimb use, 
with the ipsilateral paw being favored. This task is also sensitive to 
the location of the injury. Animals with midline TBI show greater 
asymmetry than animals with anterior or posterior injuries. These 
deficits may persist up to 5 months after injury (54). 

The wire hang task is typically assayed in murine models of 
TBI. The latency of the animal to hang on a taut string is mea- 
sured up to a maximum of 60 s. Decreased wire hang scores are 
reported acutely after closed head injury or impact acceleration 
injury in CF-1 mice (47, 55). 

The beam balance or beam walk tasks assess the more com- 
plex components of vestibulomotor function and coordination. 
The beam balance task has been studied in brain-injured rats and 
mice. The animal is placed on a narrow wooden beam and its 
ability to maintain equilibrium is scored from 1 to 5 based on 
predetermined criteria. Based upon early studies, C57BI/6 mice, 
subjected to controlled cortical impact, are impaired in their per- 
formance on the beam balance by 48 h post-injury but recover 
over 3 weeks (56). Sprague Dawley rats show beam balance 
deficits early after moderate fluid percussion or controlled corti- 
cal impact, which are then resolved by about 10 days post-injury 
(57, 58). In the beam walk task, animals are trained to escape a 
bright light and loud white noise by traversing an elevated narrow 
wooden beam to enter a darkened goal box at the opposite end 
of the beam. Performance is measured by the animal’s latency to 
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Table 10.7 


traverse the beam. Sprague Dawley rats show increased latency 
in traversing the beam in the first 5 days following lateral fluid 
percussion injury (57, 59) or controlled cortical impact (58). 
The magnitude of somatosensory asymmetry is measured 
using the adhesive tape removal test, which evaluates the abil- 
ity to purely integrate sensory information into motor responses. 
Circular adhesive stimuli are attached to the distal-radial portion 
of both forelimbs and the order and latency in which the adhesives 
are removed are noted. Following severe lateral fluid percussion 
injury in Sprague Dawley rats, there is a notable asymmetry in 
removal of adhesive up to 1 month following injury (60). 
Cognitive behavior (Table 10.7): Experimental models of 
TBI produce hippocampal pathology as well as impairments in the 
ability to perform hippocampal-dependent behavioral tasks (47, 
49, 58, 61-63). The Morris water maze (MWM) is one of the 
most commonly used assays of cognitive function in experimental 
models of TBI (64). It involves training the animal to swim in 


Examples of cognitive behavioral tests according to species/strain and type of TBI. 


For reviews, refer to (47, 64) 


Behavioral measures 


Species/strain 


Type of injury 


Morris water maze paradigms 
Acquisition and retention 


Learning 


Serial testing 
Working memory 


Memory 


Memory and relearning 
Other cognitive tests 


Delayed non-matching to place task 


Radial arm maze 


Circular Barnes maze 
Passive avoidance 
Conditioned fear response 


Place avoidance paradigm 


Rats/Sprague Dawley 
Rats/Sprague Dawley 
Rats/Sprague Dawley 
Mice/C57B1/6, FVB/N, 

29/SVEMS 
Rats/Sprague Dawley 
Rats/Sprague Dawley 
Rats/Sprague Dawley 
Mice/C57B1/6 
Mice/Sabra 


Rats/Sprague Dawley 
Rats/Sprague Dawley 
Rats/Sprague Dawley 
Rats/Sprague Dawley 
Mice/C57B1/6 

Rats /Wistar 
Mice/C57B1/6 
Rats/Sprague Dawley 


Controlled cortical impact 
Fluid percussion injury 

Controlled cortical impact 
Controlled cortical impact 


Fluid percussion injury 
Fluid percussion injury 
Fluid percussion injury 
Controlled cortical impact 


Closed head injury 


Fluid percussion injury 
Controlled cortical impact 
Fluid percussion injury 
Controlled cortical impact 
Controlled cortical impact 
Fluid percussion injury 
Fluid percussion injury 


Controlled cortical impact 
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a circular tank to locate an escape platform, whose location can 
normally be identified using spatial memory. Spatial cues in the 
room containing the water maze allow the animal to navigate to 
the platform. In the most common method of using this test, the 
latency of the animal to reach the escape platform after training 
is measured. In probe trials, the platform is removed, and time 
spent by the animal looking for the platform in the correct quad- 
rant is quantified. Place navigation in the water maze is a standard 
measure of cognitive ability and spatial memory following a dis- 
turbance of the nervous system. 

The MWM test is very versatile because distinct complex pro- 
tocols are used to investigate specific questions. Training before 
injury and evaluating following the injury addresses the animal’s 
ability to remember previously learned tasks and is considered a 
measure of retrograde amnesia (63). Similarly, different training 
and testing paradigms are executed to test acquisition and reten- 
tion of memories (65), reference and working memory (66), or 
extinction and relearning (67). 

Memory dysfunction has been documented in different mod- 
els of TBI, such as controlled cortical impact and impact accel- 
eration injury. The degree of dysfunction following lateral con- 
trolled cortical impact is related to severity of injury and is con- 
current with hippocampal cell loss on the ipsilateral side (63), 
specifically in the hilus of the dentate gyrus (68). Similarly, several 
studies (58, 65) describe MWM deficits in Sprague Dawley rats 
subjected to a controlled cortical impact. Brain-injured rats show 
longer escape latencies, with deficits in search time and relative 
target visits. Even mildly injured animals that do not demonstrate 
obvious tissue pathology show deficits in performance in both 
controlled cortical impact and fluid percussion models of injury 
(58, 69). Sprague Dawley rats, subjected to unilateral parietal 
controlled cortical impact, have been evaluated for spatial learn- 
ing ability between 10 and 20 days following injury (70). These 
animals show deficits in latency to reach the platform, as well as 
in their ability to reach the learning criteria, despite no major dif- 
ferences in swim speed. These animals not only reach fewer cri- 
teria, but also require more days of training. Such findings reveal 
deficits in both the acquisition and retention paradigms in the 
MWM in brain-injured rats. The longer-term effects of injury on 
MWM behavior have been investigated following controlled cor- 
tical impact. Place learning has been tested at 2, 4 weeks, 3, 6, 
and 12 months post-injury, with the escape platform in a dif- 
ferent maze quadrant for each time point (71). This paradigm 
addresses learning ability and spatial memory of the animals at 
each time point. The escape latency of Sprague Dawley rats, sub- 
jected to a controlled cortical impact, is increased at 3 and 12 
months after injury. These results suggest that the maze deficits at 
12 months are due to an inability of the injured animals to benefit 
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from repeated MWM exposure, which could represent a deficit in 
procedural memory independent of changes in the hippocampus. 
Thus, a combination of different analyses in the MWM may be 
required to get a fuller picture of the abilities of the animal. 

Most current analyses that rely on the MWM focus on latency 
and swimming distance. However, current tracking systems are 
also capable of measuring the average distance to platform, num- 
ber and frequency of turns, number of goal crosses, and per- 
centage time spent in goal quadrant. Such parameters may reveal 
deficits in search strategy that may be impaired following TBI 
(47). 

To further understand the mechanisms of memory impair- 
ment, a water T-maze version of the delayed non-matching to 
place (DNMP) task has been studied in experimental models of 
TBI. In this task, the animal is habituated to swimming along 
both arms of a water T-maze to locate a platform at each end. 
Habituation training is followed by acquisition training, where 
the animal swims to one of the arms in a “forced choice” sam- 
ple phase, during which the other arm is blocked off. In a sub- 
sequent “free-choice” phase 7 s later, the animal is allowed to 
choose between to two arms and is rewarded for choosing the 
arm opposite to the one it went to in the sample phase. During 
the delay testing, the delay between the sample phase and the 
choice phase is progressively increased. Moderate fluid percussion 
injury in Sprague Dawley rats produces a delay-dependent mem- 
ory impairment, even when the initial degree of learning is con- 
trolled for, suggesting that the animals are impaired in memory 
retention rather than learning (72). 

The radial arm maze and the circular Barnes maze also pro- 
vide information about navigation. The radial arm maze consists 
of eight arms extending outward from a central platform. Cups of 
food are located at the end of each arm, some of which are baited 
with food. The test assays the ability of the animal to remem- 
ber the baited and unbaited arms and correctly traverse the radial 
maze. Working and reference memory errors are recorded when 
an animal returns to an arm it had previously chosen during a 
particular session or when an animal enters an arm that was never 
baited, respectively. Sprague Dawley rats, subjected to fluid per- 
cussion injury, show an increase in the number of working mem- 
ory errors in the first 2 weeks following injury, with no effect on 
reference memory (73). 

The Barnes maze is used to assess spatial reference memory 
by training an animal to locate a hidden escape tunnel located 
directly under one of the holes at the perimeter of a brightly lit 
circular platform. The latency of the animals to escape into the 
tunnel is recorded. C567B1/6 mice, subjected to a controlled cor- 
tical impact, show much higher latency to find the escape tunnel 
(up to 1 month folowing injury) and typically take much longer 
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to develop an efficient searching strategy, as implied by the use of 
serial search rather than spatial cues (74). This suggests a deficit 
in learning of search strategy following injury. 

The passive avoidance test measures the latency of the animal 
to remain in a safe box to avoid a foot shock. The animal is initially 
trained by placing it in a light compartment and allowed to enter 
a dark box. Immediately after entry, a scrambled foot shock (5 V, 
50 Hz for 2 s) is delivered through the grid floor, which the ani- 
mal escapes by stepping back in to the safe compartment. In the 
retention test, the animal is again placed in the light compartment 
and the latency to enter the dark side is measured. Brain-injured 
Wistar rats show shorter latencies (up to 14 days) after lateral fluid 
percussion injury (75). 

Cognitive function has been measured using a more com- 
plex avoidance paradigm. This paradigm involves a hierarchy of 
tests with increasing cognitive demand; open-field exploration; 
passive place avoidance; and followed by two tests of active place 
avoidance. Phase 1 examines habituation of the animal as well as 
innate exploratory behavior in an open-field arena. Phase 2 tests 
whether injury alters conditioned behavior, specifically, the ability 
to inhibit exploration of the stationary arena to avoid entering a 
stationary shock zone. A foot shock is administered after the ani- 
mal enters the shock zone, followed by shocks every 1.5 s until 
the animal vacates the shock zone, by passing a constant current 
(< 0.3 mA, 60 Hz, 500 ms) through the cable to a low-impedance 
(1 kQ) shock electrode implanted in the paw. The high impedance 
contact between the paws of the rat and the grounded arena sur- 
face (400 kQ) caused a major voltage drop across the paws. The 
number of entrances into the shock zone measures lack of avoid- 
ance. Phase 3 is similar to phase 2, except that the shock zone 
remains stationary while the arena rotates. This tests whether 
injury alters the ability of the animal to actively avoid the shock 
zone. Time before the first entrance assays memory of the shock 
zone location, and the number of shocks per entrance assays the 
ability and motivation to escape shock. Phase 4 involves a similar 
arena as phase 3, with the shock zone shifted 180° from its origi- 
nal location. It tests whether the avoidance memory being learned 
in phase 4 conflicts with the avoidance memory from phase 3. 
When tested in Sprague Dawley rats after mild or moderate con- 
trolled cortical impact, this paradigm shows no effect on passive 
avoidance or open-field exploration at 7 days following injury 
(76), suggesting comparable sensory, motor skills, and contex- 
tual memory. However, moderately injured animals are impaired 
in their ability to avoid a stationary shock zone in a rotating arena. 
In the fourth phase of testing, even mildly injured animals show 
impairments in their active avoidance abilities. Thus, this set of 
tests can be used to discriminate injury severity and related cog- 
nitive deficits (76). 
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Table 10.8 


Examples of affective behavioral measures according to species/strain and 
type of TBI. For details refer to (77-80) 


Behavioral measures 


Species/strain Type of injury 


Gustatory neophobia 
Y maze 

Free-choice novelty 
Open field 


Elevated plus maze 
Social interaction 
Hyperemotionality 
Marble burying 


Object recognition 


Rats/Sprague Dawley Controlled cortical impact 


Rats/Sprague Dawley Controlled cortical impact 
Rats/Sprague Dawley Controlled cortical impact 


Rats/Sprague Dawley Controlled cortical impact 


Rats /Wistar Impact acceleration injury 
Rats /Wistar Impact acceleration injury 
Rats/Wistar Impact acceleration injury 
Rats /Wistar Impact acceleration injury 
Rats/Wistar Impact acceleration injury 
Mice/BALB/c Closed head injury 


Affective behavior (Table 10.8): There is an emerging inter- 
est in evaluating the more generalized affective behaviors, such as 
anxiety and depression, which have been frequently observed fol- 
lowing human TBI. Such assays have provided inroads to under- 
standing the neuropsychiatric disorders associated with human 
TBI. 

Gustatory neophobia was one of the earliest assays of an affec- 
tive disorder in experimental TBI. The animal is habituated in a 
testing chamber. After 24 h of food deprivation, the animal is re- 
introduced to the chamber containing measured amounts of hid- 
den foods, both familiar (rat chow) and unfamiliar (raisins, pota- 
toes, chocolate chip cookies). After testing, the weight of uneaten 
food is measured. Sprague Dawley rats with lateral fluid percus- 
sion injury lose the typical gustatory neophobia response and the 
preference for familiar foods at 7 days post-injury. Injured rats 
sample all food types equally, although they retain the ability to 
find hidden food, suggesting an absence of olfactory impairment 
(77): 

Additionally, a decrease in some novelty-related behaviors has 
been identified in the Y maze, free-choice novelty exploration, 
and the object recognition test. In the Y-maze test, each of the 
three arms of the Y maze contains a unique texture. One of 
the arms is closed off and the animal is allowed to habituate to 
the other arms for 10 min. Following the habituation period, the 
animal is allowed to explore all arms for 5 min, and the number 
of entries and total time spent in each arm are recorded. Sprague 
Dawley rats, subjected to controlled cortical impact, spend less 
time in a novel arm of the Y maze within the first several weeks 
post-injury (78). 
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In the free-choice novelty test, the animal chooses between a 
familiar chamber and a similar chamber containing several objects 
of different textures, sizes, and shapes with which the animal 
could interact. After habituation in the familiar (empty) envi- 
ronment, the animal is allowed to explore the novel environ- 
ment for 15 min. The amount of time in the novel environment 
and actions performed while doing so are recorded as a mea- 
sure of exploratory behavior. Sprague Dawley rats that sustained 
a controlled cortical impact are impaired on various measures of 
the free-choice novelty test. Injured animals display fewer active 
behaviors in the novel environment and spend less time in the 
novel environment interacting with the novel objects (78). 

In a similar object recognition test adapted for mice, the ani- 
mal explores two objects in a familiar box for 5 min. Four hours 
later, it is introduced to the same cage where one of the objects is 
replaced with a new one. The cumulative time spent by the mouse 
exploring each of the objects is recorded. The ability of injured 
BALB/c mice to discriminate between the familiar and the new 
objects is impaired at 3 days following closed head injury, with 
considerable improvements by 1 month (79). 

Anxiety-like and depressive behaviors have also been evalu- 
ated in brain-injured animals using a battery of tests that collec- 
tively model the disabling neuropsychological deficits associated 
with TBI. This is exemplified by a study that examined a modified 
open-field behavior test, hyperemotionality behavior in response 
to stimuli, social behavior, socio-sexual behavior, elevated plus 
maze, and marble burying behavior test, following impact accel- 
eration injury in Wistar rats (80). The open-field test consists of 
an arena with a white floor divided into squares. The ambula- 
tion score (total number of squares crossed), rearing episodes, 
and defecation, during a 5-min observation period are measured. 
Injured rats show an increase in anxiety-related behaviors, such 
as increased ambulation and rearing in the modified open field 
in the first 3—4 weeks post-injury. Animals are also scored in an 
aggregate test of hyperemotionality behaviors. This is based on 
a graded score from 0 (no reaction) to 4 (extreme response) to 
various stimuli as follows: (1) startle response to a stream of air, 
(2) struggle response to handling, and (3) fight response to tail 
pinch. Results are expressed as the sum of the individual scores, 
with controls scoring about 5. Injury leads to an increase in the 
total hyperemotionality scores to about 10. 

Social behaviors between two animals are assessed by mea- 
suring the time spent in social interaction (grooming, mounting, 
and crawling under), and passive interaction (number of times 
the animals cross each other). Injury leads to a decreased interac- 
tion time in the social behavior tests. The socio-sexual interactions 
between a male test subject and a receptive female were measured 
using the following parameters of socio-sexual behavior: latency 
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of genital probing, number of episodes of genital probing, thrust- 
ing latency, number of thrusting episodes, and pursuit. Injured 
male rats exhibit an increase in the latency of socio-sexual behav- 
iors and a decrease in the number of episodes and pursuit time 
(80). 

The elevated plus maze consists of two open arms and two 
enclosed arms joined by a central platform. The number of entries 
and time spent in each of the arms are noted in a 5-min observa- 
tion period. Injured rats exhibit an increase in percentage of open 
to total arm entries, which suggests a decreased defensive behav- 
ior in an unfamiliar environment (80). 

Finally, anxious rats respond to unfamiliar objects by exhibit- 
ing a burying behavior. This is tested by placing the animal in a 
cage with the floor covered in 5 cm of bedding material; 25 mar- 
bles are arranged in the cage, and the number of marbles buried 
in a 30-min period is measured. The increased burying behav- 
ior described in the brain-injured rat reveals an injury associated 
neophobia and compulsiveness (80). 


8. Summary 


The heterogeneity of human TBI makes it difficult to develop 
a single experimental model that accurately mimics the human 
condition. Despite this challenge, each of the models high- 
lights certain features that are seen in human TBI. While assays 
of motor/sensory functions are common in most experimental 
models and are indeed seen in human TBI, cognitive sequelae 
contribute more to disability. Although global outcome has been 
the primary measure in large outcome studies and clinical tri- 
als, translational studies may focus on specific outcome measures 
that more closely parallel animal models. Figure 10.1 summa- 
rizes the categories of behavioral tests used in experimental and 
human TBI. As such, the Morris water maze has become one of 
the “gold standards” to assess memory impairments based upon 
navigational cues (64). Research concerning hippocampal dam- 
age and episodic memory might focus on measures of episodic or 
working memory (81-83) that could be translated to both animal 
models and humans. However, measures of episodic memory that 
test recall of a word list over trials (Table 10.2) or recall of spa- 
tial locations of stimuli (Table 10.2) have been used extensively 
in clinical outcome studies. It is particularly exciting that a vir- 
tual maze has recently been developed for humans thus allowing 
possible comparisons to findings in experimental models (84). 
There are also emerging new tools, driven by human find- 
ings, to address the psychologic status in animal models, including 
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Behavioral measures used in rodent TBI Behavioral measures used in human TBI 


Composite Neuroscore 

| Neurologic Severity Score 

| SNAP assessment 

| Rotarod, Grid Walk 

| Spontaneous Forelimb 

' Use 

| Wire Hang 

| Beam Balance/ Walk 
Adhesive Tape Removal 


| Morris Water Maze 
| DNMP task 
| Radial Arm Maze 
| Circular Barnes Maze 
| Passive Avoidance 
| Conditioned Fear 
| Response 
Place Avoidance 


i 
' 
= annaa 


| Free Choice Novelty 

' Object Recognition 

| Social Interaction 

| Socio-sexual Interaction 

| Y Maze, Open Field 

| Elevated Plus-Maze 

| Hyper-emotionality 
Marble Burying 


' 
i] 
www ww ww ewe ww ew ee ee ewww 


Global | Glasgow Coma Recovery | 
Outcome | Scale- Revised ' 
| Glasgow Outcome Scale- | 

| Extended ' 

i Functional independence! 


| Measure-Motor subscale 
' NIH toolbox Motor and 
Sensory batteries 
Neurological Outcome 
Scale for TBI 


Virtual Maze 

Rey Auditory Verbal 
Learning test 
Processing Speed Index 
Trail Making test 
Grooved Pegboard test 
NIH toolbox cognitive 
battery 


Spatial 
memory 
-ological 
Avoidance Impairment 
Paradigms 


! Craig Handicap and ' 
| Assessment i 
Novelty reporting Technique ' 
Interaction ' 


ial Interaction eae 
ocal: intearaci » Brief symptom Inventory-18 


Anxiety | NIH toolbox emotional 


Fig. 10.1. Commonly used behavioral measures for human and rodent TBI. The categories of behavioral tests used in 
experimental models of rodent TBI, along with the individual tests, are listed on the J/eft. The recommended core and 
future measures for human TBI are listed on the right. Bold indicates recommended future measures. 


those paradigms that assay a hierarchy of tests with increasing 
cognitive demand, measures of anxiety-like and depressive behav- 
iors, and aberrant social interactions. While understanding the 
pathobiology of TBI is key to developing a pipeline of candi- 
date therapeutics, successful translation to human TBI mandates 
reproducible behavioral improvements across models of TBI with 
sensitivity to location and magnitude of the insult, gender, and 
age at time of injury. 


Acknowledgments 


This research was supported by grant B4596 by the Department 
of Veterans Affairs, Veterans Health Administration, Rehabilita- 
tion Research and Development Service and the Houston VA 
HSR&D Center of Excellence (HFP90-020) and by grant num- 
bers R21NS065937, ROINS050159, NS-21889, NS-056202, 


260 


Adwanikar et al. 


and PO1NS056202 from the National Institute of Neurological 
Disorders and Stroke. The content is solely the responsibility of 
the authors and does not necessarily represent the official views 
of the National Institute of Neurological Disorders and Stroke 
or the National Institutes of Health. We gratefully acknowledge 
the assistance of Stacey K. Martin for her assistance in document 


preparation. 


References 


l. 


Rutherford G, Cernak BJ, Dikman I, Grady 
S, Hesdorffer S, Kraus D, Levin J, Noble H, 
Potolicchio L, Rauch S, Stiers S, Tamminga 
W, Temkin C, Weisskopf N (2009) Long- 
term consequences of traumatic brain injury. 
In: Gulf War and Health. Vol. 7. Long-term 
Consequences of Traumatic Brain Injury. 
Committee on Gulf War and Health: Brain 
Injury in Veterans and Long-term Health 
Outcomes, Board on Population Health and 
Public Health Practise. Institute of Medicine 
of the National Academics. The National 
Academics Press, Washington DC 2009 
Langlois JA, Rutland-Brown W, Thomas KE 
(2006) Traumatic brain injury in the United 
States: emergency department visits, hospi- 
talizations, and deaths. National Center for 
Injury Prevention and Control, Centers for 
Disease Control, Atlanta, GA 

Povlishock JT, Katz DI (2005) Update of 
neuropathology and neurological recovery 
after traumatic brain injury. J Head Trauma 
Rehabil 20:76-94 

IOM (Institute of Medicine) (2009) Gulf 
war and health, volume 7: long-term con- 
sequences of traumatic brain injury. The 
National Academic Press, Washington, DC 
Miller EK, Cohen JD (2001) An integrative 
theory of prefrontal cortex function. Annu 
Rev Neurosci 24:167-202 

Saatman KE, Duhaime AC, Bullock R, Maas 
AI, Valadka A, Manley GT (2008) Classifi- 
cation of traumatic brain injury for targeted 
therapies. J Neurotrauma 25:719-738 
Eisenberg HM, Gary HE Jr, Aldrich EF, 
Saydjari C, Turner B, Foulkes MA, Jane 
JA, Marmarou A, Marshall LF, Young HF 
(1990) Initial CT findings in 753 patients 
with severe head injury. A report from the 
NIH Traumatic Coma Data Bank. J Neuro- 
surg 73:688—698 

Teasdale G, Jennett B (1974) Assessment of 
coma and impaired consciousness. A practical 
scale. Lancet 2:81-84 

Levin HS, Gary HE Jr, Eisenberg HM, 
Ruff RM, Barth JT, Kreutzer J, High 
WM Jr, Portman S, Foulkes MA, Jane JA 


10. 


Il. 


12. 


13: 


14. 


15. 


16. 


17. 


18. 


(1990) Neurobehavioral outcome 1 year 
after severe head injury. Experience of the 
Traumatic Coma Data Bank. J Neurosurg 73: 
699-709 

Russell WR (1932) Cerebral involvement in 
head injury. Brain 55:549-603 

Levin HS, O’Donnell VM, Grossman RG 
(1979) The Galveston orientation and amne- 
sia test. A practical scale to assess cogni- 
tion after head injury. J Nerv Ment Dis 167: 
675-684 

Shores EA, Lammel A, Hullick C, Sheedy 
J, Flynn M, Levick W, Batchelor J (2008) 
The diagnostic accuracy of the Revised West- 
mead PTA Scale as an adjunct to the Glasgow 
Coma Scale in the early identification of cog- 
nitive impairment in patients with mild trau- 
matic brain injury. J Neurol Neurosurg Psy- 
chiatry 79:1100-1106 

Levin HS, High WM, Meyers CA, Von 
Laufen A, Hayden ME, Eisenberg HM 
(1985) Impairment of remote memory after 
closed head injury. J Neurol Neurosurg Psy- 
chiatry 48:556-563 

Marshall LF, Marshall SB, Klauber MR, van 
Berkum Clark M, Eisenberg HM, Jane JA, 
Luerssen TG, Marmarou A, Foulkes MA 
(1991) A new classification of head injury 
based on computerized tomography. J Neu- 
rosurg 75:S14 

Raymont V, Greathouse A, Reding K, Lip- 
sky R, Salazar A, Grafman J (2008) Demo- 
graphic, structural and genetic predictors of 
late cognitive decline after penetrating head 
injury. Brain 131:543-558 

Grafman J, Schwab K, Warden D, Pridgen A, 
Brown HR, Salazar AM (1996) Frontal lobe 
injuries, violence, and aggression: a report of 
the Vietnam head injury study. Neurology 
46:1231-1238 

Grafman J, Salazar AM, Weingartner H, 
Amin D (1986) Face memory and discrim- 
ination: an analysis of the persistent effects 
of penetrating brain wounds. Int J Neurosci 
29:125-139 

Grafman J (2007) Vietnam head injury study 
phase III: a 30-year post-injury follow-up 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


Traumatic Brain Injury in Animal Models and Humans 


study. The Henry M. Jackson Foundation 
for the Advancement of Military Medicine, 
Rockville, MD 

Wilde EA, Whiteneck GG, Bogner J, Bush- 
nik T, Cifu DX, Dikmen S, French L, Gia- 
cino JT, Hart T, Malec J, Millis SR, Novack 
TA, Sherer M, Tulsky DS, Vanderploeg RD, 
von Steinbuechel N(in press) Recommenda- 
tions for the use of common outcome mea- 
sures in traumatic brain injury research. Arch 
Phys Med Rehabil 

Levin HS, McCauley SR, Josic CP, Boake 
C, Brown SA, Goodman HS, Merritt SG, 
Brundage SI (2005) Predicting depression 
following mild traumatic brain injury. Arch 
Gen Psychiatry 62:523-528 

Oddy M, Humphrey M, Uttley D (1978) 
Subjective impairment and social recovery 
after closed head injury. J Neurol Neurosurg 
Psychiatry 41:611-616 

Temkin NR, Corrigan JD, Dikmen SS, 
Machamer J (2009) Social functioning after 
traumatic brain injury. J Head Trauma Reha- 
bil 24:460-467 

Jennett B, Snoek J, Bond MR, Brooks N 
(1981) Disability after severe head injury: 
observations on the use of the Glasgow Out- 
come Scale. J Neurol Neurosurg Psychiatry 
44:285-293 

Levin HS, Goldstein FC, High WM Jr, 
Eisenberg HM (1988) Disproportionately 
severe memory deficit in relation to nor- 
mal intellectual functioning after closed 
head injury. J Neurol Neurosurg Psychiatry 
51:1294-1301 

Kraus MF, Susmaras T, Caughlin BP, Walker 
CJ, Sweeney JA, Little DM (2007) White 
matter integrity and cognition in chronic 
traumatic brain injury: a diffusion tensor 
imaging study. Brain 130:2508-2519 
Sidaros A, Engberg AW, Sidaros K, Lip- 
trot MG, Herning M, Petersen P, Paulson 
OB, Jernigan TL, Rostrup E (2008) Dif- 
fusion tensor imaging during recovery from 
severe traumatic brain injury and relation to 
clinical outcome: a longitudinal study. Brain 
131:559-572 

Aarabi B, Simard JM (2009) Traumatic brain 
injury. Curr Opin Crit Care 15:548-553 
Cernak I (2005) Animal models of head 
trauma. NeuroRx 2:410—422 

Thompson HJ, Lifshitz J, Marklund N, 
Grady MS, Graham DI, Hovda DA, McIn- 
tosh TK (2005) Lateral fluid percussion brain 
injury: a 15-year review and evaluation. J 
Neurotrauma 22:42-75 

Morales DM, Marklund N, Lebold D, 
Thompson HJ, Pitkanen A, Maxwell WL, 
Longhi L, Laurer H, Maegele M, Neuge- 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


261 


bauer E, Graham DI, Stocchetti N, McIntosh 
TK (2005) Experimental models of traumatic 
brain injury: do we really need to build a bet- 
ter mousetrap? Neuroscience 136:971—-989 
Flierl MA, Stahel PF, Beauchamp KM, Mor- 
gan SJ, Smith WR, Shohami E (2009) 
Mouse closed head injury model induced by 
a weight-drop device. Nat Protoc 4:1328- 
1337 

Kacew S, Dixit R, Ruben Z (1998) Diet and 
rat strain as factors in nervous system func- 
tion and influence of confounders. Biomed 
Environ Sci 11:203-217 

Voikar V, Koks S, Vasar E, Rauvala H (2001) 
Strain and gender differences in the behavior 
of mouse lines commonly used in transgenic 
studies. Physiol Behav 72:271-281 

Gaetz M (2004) The neurophysiology of 
brain injury. Clin Neurophysiol 115:4-18 
Yu S, Kaneko Y, Bae E, Stahl CE, Wang Y, 
van Loveren H, Sanberg PR, Borlongan CV 
(2009) Severity of controlled cortical impact 
traumatic brain injury in rats and mice dic- 
tates degree of behavioral deficits. Brain Res 
1287:157-163 

Bimonte HA, Hyde LA, Hoplight BJ, 
Denenberg VH (2000) In two species, 
females exhibit superior working memory 
and inferior reference memory on the water 
radial-arm maze. Physiol Behav 70:311-317 
Bimonte HA, Denenberg VH (2000) Sex 
differences in vicarious trial-and-error behav- 
ior during radial arm maze learning. Physiol 
Behav 68:495-499 

Roof RL, Stein DG (1999) Gender differ- 
ences in Morris water maze performance 
depend on task parameters. Physiol Behav 
68:81-86 

Wagner AK, Kline AE, Ren D, Willard 
LA, Wenger MK, Zafonte RD, Dixon CE 
(2007) Gender associations with chronic 
methylphenidate treatment and behavioral 
performance following experimental trau- 
matic brain injury. Behav Brain Res 181: 
200-209 

Xiong Y, Mahmood A, Lu D, Qu C, Gous- 
sev A, Schallert T, Chopp M (2007) Role 
of gender in outcome after traumatic brain 
injury and therapeutic effect of erythropoi- 
etin in mice. Brain Res 1185:301-312 

Prins ML, Hovda DA (2003) Developing 
experimental models to address traumatic 
brain injury in children. J Neurotrauma 
20:123-137 

Giza CC, Kolb B, Harris NG, Asarnow RF, 
Prins ML (2009) Hitting a moving target: 
basic mechanisms of recovery from acquired 
developmental brain injury. Dev Neuroreha- 
bil 12:255-268 


262 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


Adwanikar et al. 


Onyszchuk G, He YY, Berman NE, Brooks 
WM (2008) Detrimental effects of aging 
on outcome from traumatic brain injury: a 
behavioral, magnetic resonance imaging, and 
histological study in mice. J Neurotrauma 
25:153-171 

Hamm TM (1990) Recurrent inhibition to 
and from motoneurons innervating the flexor 
digitorum and flexor hallucis longus muscles 
of the cat. J Neurophysiol 63:395—403 
Raghupathi R, Fernandez SC, Murai H, 
Trusko SP, Scott RW, Nishioka WK, McIn- 
tosh TK (1998) BCL-2 overexpression atten- 
uates cortical cell loss after traumatic brain 
injury in transgenic mice. J Cereb Blood 
Flow Metab 18:1259-1269 

McIntosh TK, Vink R, Noble L, Yamakami I, 
Fernyak S, Soares H, Faden AL (1989) Trau- 
matic brain injury in the rat: characterization 
of a lateral fluid-percussion model. Neuro- 
science 28:233-244 

Fujimoto ST, Longhi L, Saatman KE, Conte 
V, Stocchetti N, McIntosh TK (2004) Motor 
and cognitive function evaluation following 
experimental traumatic brain injury. Neurosci 
Biobehav Rev 28:365-378 

Shohami E, Novikov M, Bass R (1995) 
Long-term effect of HU-211, a novel 
non-competitive NMDA antagonist, on 
motor and memory functions after closed 
head injury in the rat. Brain Res 674: 
55-62 

Chen Y, Constantini S, Trembovler V, 
Weinstock M, Shohami E (1996) An 
experimental model of closed head injury 
in mice: pathophysiology, histopathology, 
and cognitive deficits. J Neurotrauma 13: 
557-568 

Shelton SB, Pettigrew DB, Hermann AD, 
Zhou W, Sullivan PM, Crutcher KA, Strauss 
KI (2008) A simple, efficient tool for assess- 
ment of mice after unilateral cortex injury. J 
Neurosci Methods 168:431—442 

Hamm BJ, Pike BR, O’Dell DM, Lyeth BG, 
Jenkins LW (1994) The rotarod test: an eval- 
uation of its effectiveness in assessing motor 
deficits following traumatic brain injury. J 
Neurotrauma 11:187-196 

Fox GB, LeVasseur RA, Faden AI (1999) 
Behavioral responses of C57BL/6, FVB/N, 
and 129/SvEMS mouse strains to traumatic 
brain injury: implications for gene targeting 
approaches to neurotrauma. J Neurotrauma 
16:377-389 

Lindner MD, Plone MA, Cain CK, Frydel B, 
Francis JM, Emerich DF, Sutton RL (1998) 
Dissociable long-term cognitive deficits after 
frontal versus sensorimotor cortical contu- 
sions. J Neurotrauma 15:199-216 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


ól. 


62. 


63. 


64. 


Baskin YK, Dietrich WD, Green EJ (2003) 
Two effective behavioral tasks for evaluat- 
ing sensorimotor dysfunction following trau- 
matic brain injury in mice. J Neurosci Meth- 
ods 129:87-93 

Panter SS, Braughler JM, Hall ED (1992) 
Dextran-coupled deferoxamine improves 
outcome in a murine model of head injury. J 
Neurotrauma 9:47-53 

Scherbel U, Raghupathi R, Nakamura M, 
Saatman KE, Trojanowski JQ, Neugebauer 
E, Marino MW, McIntosh TK (1999) Differ- 
ential acute and chronic responses of tumor 
necrosis factor-deficient mice to experimen- 
tal brain injury. Proc Natl Acad Sci USA 
96:8721-8726 

Dixon CE, Lyeth BG, Povlishock JT, Fin- 
dling RL, Hamm RJ, Marmarou A, Young 
HF, Hayes RL (1987) A fluid percussion 
model of experimental brain injury in the rat. 
J Neurosurg 67:110-119 

Hamm BJ, Dixon CE, Gbadebo DM, Singha 
AK, Jenkins LW, Lyeth BG, Hayes RL 
(1992) Cognitive deficits following traumatic 
brain injury produced by controlled cortical 
impact. J Neurotrauma 9:11-20 

Lyeth BG, Gong QZ, Shields S, Muizelaar 
JP, Berman RF (2001) Group I metabotropic 
glutamate antagonist reduces acute neuronal 
degeneration and behavioral deficits after 
traumatic brain injury in rats. Exp Neurol 
169:191-199 

Riess P, Bareyre FM, Saatman KE, Cheney 
JA, Lifshitz J, Raghupathi R, Grady MS, 
Neugebauer E, McIntosh TK (2001) Effects 
of chronic, post-injury Cyclosporin A admin- 
istration on motor and sensorimotor func- 
tion following severe, experimental traumatic 
brain injury. Restor Neurol Neurosci 18: 
1-8 

Colicos MA, Dixon CE, Dash PK (1996) 
Delayed, selective neuronal death following 
experimental cortical impact injury in rats: 
possible role in memory deficits. Brain Res 
739:111-119 

Colicos MA, Dash PK (1996) Apoptotic 
morphology of dentate gyrus granule cells 
following experimental cortical impact injury 
in rats: possible role in spatial memory 
deficits. Brain Res 739:120-131 

Smith DH, Okiyama K, Thomas MJ, 
Claussen B, McIntosh TK (1991) Evaluation 
of memory dysfunction following experimen- 
tal brain injury using the Morris water maze. 
J Neurotrauma 8:259-269 

D’Hooge R, De Deyn PP (2001) Applica- 
tions of the Morris water maze in the study 
of learning and memory. Brain Res Brain Res 
Rev 36:60-90 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


Traumatic Brain Injury in Animal Models and Humans 


Scheff SW, Baldwin SA, Brown RW, Krae- 
mer PJ (1997) Morris water maze deficits in 
rats following traumatic brain injury: lateral 
controlled cortical impact. J Neurotrauma 
14:615-627 

Hamm RJ, Temple MD, Pike BR, O’Dell 
DM, Buck DL, Lyeth BG (1996) Work- 
ing memory deficits following traumatic 
brain injury in the rat. J Neurotrauma 13: 
317-323 

Chen Y, Shohami E, Constantini S, Wein- 
stock M (1998) Rivastigmine, a brain- 
selective acetylcholinesterase inhibitor, ame- 
liorates cognitive and motor deficits induced 
by closed-head injury in the mouse. J Neuro- 
trauma 15:231-237 

Hicks RR, Smith DH, Lowenstein DH, Saint 
Marie R, McIntosh TK (1993) Mild experi- 
mental brain injury in the rat induces cog- 
nitive deficits associated with regional neu- 
ronal loss in the hippocampus. J Neuro- 
trauma 10:405—414 

Gurkoff GG, Giza CC, Hovda DA (2006) 
Lateral fluid percussion injury in the devel- 
oping rat causes an acute, mild behavioral 
dysfunction in the absence of significant cell 
death. Brain Res 1077:24-36 

Griesbach GS, Sutton RL, Hovda DA, Ying 
Z, Gomez-Pinilla F (2009) Controlled con- 
tusion injury alters molecular systems associ- 
ated with cognitive performance. J Neurosci 
Res 87:795-805 

Dixon CE, Kochanek PM, Yan HQ, Schid- 
ing JK, Griffith RG, Baum E, Marion DW, 
DeKosky ST (1999) One-year study of spa- 
tial memory performance, brain morphology, 
and cholinergic markers after moderate con- 
trolled cortical impact in rats. J Neurotrauma 
16:109-122 

Whiting MD, Hamm RJ (2006) Traumatic 
brain injury produces delay-dependent mem- 
ory impairment in rats. J Neurotrauma 
23:1529-1534 

Lyeth BG, Jenkins LW, Hamm RJ, Dixon 
CE, Phillips LL, Clifton GL, Young HF, 
Hayes RL (1990) Prolonged memory impair- 
ment in the absence of hippocampal cell 
death following traumatic brain injury in the 
rat. Brain Res 526:249-258 

Fox GB, Fan L, LeVasseur RA, Faden AI 
(1998) Effect of traumatic brain injury on 
mouse spatial and nonspatial learning in 
the Barnes circular maze. J Neurotrauma 
15:1037-1046 

Yamaguchi T, Ozawa Y, Suzuki M, 
Yamamoto M, Nakamura T, Yamaura A 
(1996) Indeloxazine hydrochloride improves 
impairment of passive avoidance performance 
after fluid percussion brain injury in rats. 
Neuropharmacology 35:329-336 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


263 


Abdel Baki SG, Kao HY, Kelemen E, Fen- 
ton AA, Bergold PJ (2009) A hierarchy of 
neurobehavioral tasks discriminates between 
mild and moderate brain injury in rats. Brain 
Res 1280:98-106 

Hamm RJ, Pike BR, Phillips LL, O’Dell DM, 
Temple MD, Lyeth BG (1995) Impaired 
gustatory neophobia following traumatic 
brain injury in rats. J Neurotrauma 12: 
307-314 

Wagner AK, Postal BA, Darrah SD, Chen X, 
Khan AS (2007) Deficits in novelty explo- 
ration after controlled cortical impact. J Neu- 
rotrauma 24:1308-1320 

Levy A, Bercovich-Kinori A, Alexandrovich 
AG, Tsenter J, Trembovler V, Lund FE, 
Shohami E, Stein R, Mayo L (2009) CD38 
facilitates recovery from traumatic brain 
injury. J Neurotrauma 26:1521-1533 
Pandey DK, Yadav SK, Mahesh R, Rajku- 
mar R (2009) Depression-like and anxiety- 
like behavioural aftermaths of impact acceler- 
ated traumatic brain injury in rats: a model 
of comorbid depression and anxiety? Behav 
Brain Res 205:436-442 

Hanten G, Stallings-Roberson G, Song JX, 
Bradshaw M, Levin HS (2003) Subject 
ordered pointing task performance following 
severe traumatic brain injury in adults. Brain 
Inj 17:871-882 

Delis D, Kramer L, Kaplan E (1986) The 
California verbal learning test. Psychological 
Corporation, San Antonio, TX 

Petrides M, Milner B (1982) Deficits on 
subject-ordered tasks after frontal- and 
temporal-lobe lesions in man. Neuropsy- 
chologia 20:249-262 

Livingstone SA, Skelton RW (2007) Virtual 
environment navigation tasks and the assess- 
ment of cognitive deficits in individuals with 
brain injury. Behav Brain Res 185:21-31 
Wilson JT, Pettigrew LE, Teasdale GM 
(1998) Structured interviews for the Glas- 
gow Outcome Scale and the extended Glas- 
gow Outcome Scale: guidelines for their use. 
J Neurotrauma 15:573-585 

Malec JF, Kragness M, Evans RW, Finlay KL, 
Kent A, Lezak MD (2003) Further psycho- 
metric evaluation and revision of the Mayo- 
Portland Adaptability Inventory in a national 
sample. J Head Trauma Rehabil 18:479-492 
Malec JF (2004) Comparability of Mayo- 
Portland Adaptability Inventory ratings by 
staff, significant others and people with 
acquired brain injury. Brain Inj 18:563-575 
Rappaport M, Hall KM, Hopkins K, Belleza 
T, Cope DN (1982) Disability rating scale 
for severe head trauma: coma to community. 
Arch Phys Med Rehabil 63:118-123 


264 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


Adwanikar et al. 


Ware JE Jr, Sherbourne CD (1992) The 
MOS 36-item short-form health survey (SF- 
36). I. Conceptual framework and item selec- 
tion. Med Care 30:473-483 

Ware JE, Gandek B, Aaronson NK, Acquadro 
C, Alonso J, Apolone G, Bech P, Brazier 
J, Bullinger M, Fukuhara S, Kaasa S, Keller 
S, Leplege A, Razavi D, Sanson-Fisher R, 
Sullivan M, Wagner A, Wood-Dauphinee S 
(1994) The SF-36 health survey: develop- 
ment and use in mental health research and 
the IQOLA project. Int J Ment Health 
23:49-74 

Giacino JT, Kalmar K, Whyte J (2004) The 
JFK Coma Recovery Scale-Revised: measure- 
ment characteristics and diagnostic utility. 
Arch Phys Med Rehabil 85:2020-2029 

van den Burg W, Kingma A (1999) Per- 
formance of 225 Dutch school children 
on Rey’s Auditory Verbal Learning Test 
(AVLT): parallel test-retest reliabilities with 
an interval of 3 months and normative data. 
Arch Clin Neuropsychol 14:545-559 
Benedict RH (1997) Brief visuospatial mem- 
ory test-revised. Psychological Assessment 
Resources, Inc., Odessa, FL 

Wechsler D (1997) Wechsler Adult Intelli- 
gence Scale III. Harcourt Assessment, Inc., 
San Antonio, TX 

Mitrushina, M., Boone, K. B., Razani, J., and 
D’Elia, L. F. (2005) Handbook of Norma- 
tive Data for Neuropsychological Assessment 
(2nd Edn). New York, NY: Oxford Univer- 
sity Press. 

Strauss E, Sherman EMS, Spreen O (2006) 
A compendium of neuropsychological tests: 
administration, norms, and commentary, 3rd 
edn. Oxford University Press, New York, NY 
Tombaugh TN, Kozak J, Rees L (1999) 
Normative data stratified by age and educa- 
tion for two measures of verbal fluency: FAS 
and animal naming. Arch Clin Neuropsychol 
14:167-177 

Iverson GL, Franzen MD, Lovell MR (1999) 
Normative comparisons for the controlled 
oral word association test following acute 
traumatic brain injury. Clin Neuropsychol 
13:437-441 

Batchelor J, Harvey AG, Bryant RA (1995) 
Stroop colour word test as a measure of 
attentional deficit following mild head injury. 
Clin Neuropsychol 9:180-186 

Meachen SJ, Hanks RA, Millis SR, Rapport 
LJ (2008) The reliability and validity of the 
brief symptom inventory-18 in persons with 
traumatic brain injury. Arch Phys Med Reha- 
bil 89:958-965 

Tellegen A, Ben-Porath YS (2008) MMPI- 
2-RF (Minnesota Multiphasic Personality 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


IVT; 


Inventory-2): technical manual. University of 
Minneapolis Press, Minneapolis, MN 
Reinert DF, Allen JP (2007) The alcohol 
use disorders identification test: an update 
of research findings. Alcohol Clin Exp Res 
31:185-199 

Moussas G, Dadouti G, Douzenis A, Poulis 
E, Tzelembis A, Bratis D, Christodoulou C, 
Lykouras L (2009) The Alcohol Use Disor- 
ders Identification Test (AUDIT): reliability 
and validity of the Greek version. Ann Gen 
Psychiatry 8:11 

Hides L, Cotton SM, Berger G, Glee- 
son J, O’Donnell C, Proffitt T, McGorry 
PD, Lubman DI (2009) The reliability and 
validity of the Alcohol, Smoking and Sub- 
stance Involvement Screening Test (ASSIST) 
in first-episode psychosis. Addict Behav 
34:821-825 

Stein AD, Lederman RI, Shea S (1993) 
The behavioral risk factor surveillance sys- 
tem questionnaire: its reliability in a statewide 
sample. Am J Public Health 83:1768-1772 
Miller JW, Gfroerer JC, Brewer RD, Naimi 
TS, Mokdad A, Giles WH (2004) Preva- 
lence of adult binge drinking: a comparison 
of two national surveys. Am J Prev Med 
27:197-204 

ASSIST (2002) The Alcohol, Smoking 
and Substance Involvement Screening Test 
(ASSIST): development, reliability and feasi- 
bility. Addiction 97:1183-1194 

Humenik, R. (2006) Validation of alco- 
hol, smoking and substance involvement 
screening test (ASSIST) and pilot brief inter- 
vention [electronic resource]: a technical 
report of phase II findings of the WHO 
ASSIST Project, prepared by R. Hume- 
niuk, and R. Ali, on behalf of the WHO 
ASSIST Phase II Study Group. Available 
at: http://www.who.int/substance_abuse/ 
activities /assist_technicalreport_phase2_final. 
pdf (accessed 24 April 2007). 

Weathers F, Litz B, Herman D, Huska 
J, Keane T (1993) The PTSD Check- 
list (PCL): reliability, validity, and diag- 
nostic utility. Paper presented at the 9th 


annual convention of the International 
Society For Traumatic Stress Studies, 
San Antonio, TX 


Blanchard EB, Jones-Alexander J, Buckley 
TC, Forneris CA (1996) Psychometric prop- 
erties of the PTSD checklist (PCL). Behav 
Res Ther 34:669-673 

Epstein NB, Baldwin LM, Bishop DS (2000) 
Family assessment device (FAD). In: Rush, 
J.A. (Ed). Handbook of psychiatric measures. 
American Psychiatric Association, Washing- 
ton, DC 


112. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


Traumatic Brain Injury in Animal Models and Humans 


Kabacoff RI, Miller IW, Bishop DS, Epstein 
NB, Keitner GI (1990) A psychometric study 
of the McMaster Family Assessment Device 
in psychiatric, medical, and nonclinical sam- 
ples. J Fam Psychol 3:431-439 

King NS, Crawford S, Wenden FJ, Moss NE, 
Wade DT (1995) The Rivermead Post Con- 
cussion Symptoms Questionnaire: a mea- 
sure of symptoms commonly experienced 
after head injury and its reliability. J Neurol 
242:587-592 

Crawford S, Wenden FJ, Wade DT (1996) 
The Rivermead head injury follow up ques- 
tionnaire: a study of a new rating scale and 
other measures to evaluate outcome after 
head injury. J Neurol Neurosurg Psychiatry 
60:510-514 

Schwab KA, Ivins B, Cramer G, Johnson 
W, Sluss-Tiller M, Kiley K, Lux W, War- 
den D (2007) Screening for traumatic brain 
injury in troops returning from deployment 
in Afghanistan and Iraq: initial investigation 
of the usefulness of a short screening tool for 
traumatic brain injury. J Head Trauma Reha- 
bil 22:377-389 

Grace J, Malloy PF (2001) Frontal systems 
behavior scale professional manual. Psycho- 
logical Assessment Resources, Inc., Lutz, FL 
Caracuel A, Verdejo-Garcia A, Vilar-Lopez R, 
Perez-Garcia M, Salinas I, Cuberos G, Coin 
MA, Santiago-Ramajo S, Puente AE (2008) 
Frontal behavioral and emotional symptoms 
in Spanish individuals with acquired brain 
injury and substance use disorders. Arch Clin 
Neuropsychol 23:447-454 

Stout JC, Ready RE, Grace J, Malloy 
PF, Paulsen JS (2003) Factor analysis of 
the frontal systems behavior scale (FrSBe). 
Assessment 10:79-85 

Stineman MG, Shea JA, Jette A, Tassoni 
CJ, Ottenbacher KJ, Fiedler R, Granger CV 
(1996) The functional independence mea- 
sure: tests of scaling assumptions, structure, 
and reliability across 20 diverse impairment 
categories. Arch Phys Med Rehabil 77:1101- 
1108 

Hobart JC, Lamping DL, Freeman JA, Lang- 
don DW, McLellan DL, Greenwood RJ, 
Thompson AJ (2001) Evidence-based mea- 
surement: which disability scale for neuro- 
logic rehabilitation? Neurology 57:639-644 

Corrigan JD, Smith-Knapp K, Granger CV 
(1997) Validity of the functional indepen- 
dence measure for persons with traumatic 
brain injury. Arch Phys Med Rehabil 78: 
828-834 

Lee JE, Stokic DS (2008) Risk factors for falls 
during inpatient rehabilitation. Am J Phys 
Med Rehabil 87:341-350 

Heinemann AW, Linacre JM, Wright BD, 
Hamilton BB, Granger C (1993) Relation- 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


265 


ships between impairment and physical dis- 
ability as measured by the functional inde- 
pendence measure. Arch Phys Med Rehabil 
74:566-573 

Whiteneck GG, Charlifue SW, Gerhart KA, 
Overholser JD, Richardson GN (1992) 
Quantifying handicap: a new measure of 
long-term rehabilitation outcomes. Arch 
Phys Med Rehabil 73:519-526 

Mellick D, Walker N, Brooks CA, Whiteneck 
GG (1999) Incorporating the cognitive inde- 
pendence domain into chart. J Rehabil Out- 
comes Meas 3:12-21 

Diener E, Emmons RA, Larsen RJ, Griffin S 
(1985) The satisfaction with life scale. J Pers 
Assess 49:71-75 

Pavot W, Diener E (1993) Review of the 
satisfaction with life scale. Psychol Assess 5: 
164-172 

von Steinbuechel N, Petersen C, Bullinger 
M (2005) Assessment of health-related qual- 
ity of life in persons after traumatic brain 
injury — development of the Qolibri, a spe- 
cific measure. Acta Neurochir Suppl 93: 
43-49 

The EuroQol Group (1990) EuroQol — a 
new facility for the measurement of health- 
related quality of life. The EuroQol Group. 
Health Policy 16:199-208 

van Agt HME, Essink-Bot ML, Krabbe 
PEM, Bonsel GJ (1994) Test—retest reliabil- 
ity of health state valuations collected with 
the EuroQol questionnaire. Soc Sci Med 
39:1537-1544 

Ader D (2007) Developing the Patient- 
Reported Outcomes Measurement Informa- 
tion System (PROMIS). Medical care 45:S 
Perez L, Huang J, Jansky L, Nowinski 
C, Victorson D, Peterman A, Cella D 
(2007) Using focus groups to inform the 
Neuro-QOL measurement tool: exploring 
patient-centered, health-related quality of life 
concepts across neurological conditions. J 
Neurosci Nurs 39:342-353 

Miller D, Nowinski C, Victorson D, Peter- 
man A, Perez L (2005) The Neuro- 
QOL project: establishing research priorities 
through qualitative research and consensus 
development. Qual Life Res 14:2031 

Tulsky DS, Carlozzi NE, Kisala P, Vic- 
torson D, Cella D (2009) New initiatives 
to develop patient reported outcomes mea- 
sures for research with neurological pop- 
ulations. International Neuropsychological 
Society, Atlanta, GA 

Tulsky DS, Kisala P, Victorson D, Carlozzi 
NE, Cella D (2009) Development of tailored 
outcomes measures for traumatic brain injury 
and spinal cord injury. American Academy of 
Neurology, Toronto, ON 


Chapter 11 


Behavioral Sensitization to Addictive Drugs: Clinical 
Relevance and Methodological Aspects 


Tamara J. Phillips, Raul Pastor, Angela C. Scibelli, Cheryl Reed, 
and Ernesto Tarragon 


Abstract 


Sensitization to the locomotor stimulant effects of abused drugs provides a behavioral measure thought 
to reflect underlying neural adaptations to repeated drug exposure. Neurochemical measures have pro- 
vided information about the specific neural systems impacted and altered by repeated drug exposure. 
In pre-clinical studies, sensitized animals exhibit facilitated acquisition of drug self-administration and 
preference for cues associated with past drug experiences. This has suggested a role for sensitization in 
the development of drug abuse and in relapse. In humans, self-reports of sensitized vigor and energy 
levels have been described that may relate to the more direct measurements of locomotor sensitization 
in animals. Described in this chapter are methods used to measure psychomotor sensitization in mice, 
which are partially dependent upon the drug under investigation. The advantages to the use of mice in 
pre-clinical research are (1) that they readily sensitize to all drugs of abuse, (2) many methods have been 
developed for studying other aspects of their behavior that may be related to sensitization, and (3) they 
are an excellent species for genetic investigations aimed at determining susceptibility to behavioral sen- 
sitization and thus neuroadaptations related to drug abuse. Factors to consider when designing a study 
of drug-induced psychomotor sensitization include dose, number of treatments, frequency or interval 
between treatments and challenge, and duration of testing. First, a measure of baseline level of activity 
should be obtained, followed by measurement of the initial drug effect, measures of the change in initial 
effect with repeated administration, and a subsequent measure of baseline to see how it may have changed 
after repeated drug testing. Depending upon the goal of the research, a drug withdrawal period may be 
desirable, followed by another drug challenge to determine whether sensitization is still present. Such a 
withdrawal or “incubation” period has been instated to allow for the establishment of long-term central 
nervous system changes that may accompany sensitization in studies of mechanism. The recommended 
frequency of dosing is dependent upon characteristics of the drug, particularly its clearance rate. More 
intermittent schedules of administration are particularly important for inducing robust sensitization to 
classical psychostimulant drugs like cocaine and methamphetamine. The recommended duration of test- 
ing is influenced by the duration of drug effect, but data should be collected in isolated time units so 
that the time response curve can be examined. Finally, associative conditioning and stress-related factors 
can have large impacts on sensitization and should be carefully considered in all aspects of the research 
design, including whether drug treatment is linked to the test environment or not, density of housing, 
and specifics of handling. 
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Introduction 


The study of sensitization provides a model for the study of the 
bases of long-term behavioral and neural plasticity. The term 
sensitization, as used in this chapter, refers to the phenomenon 
whereby a physiological or behavioral effect increases in magni- 
tude as a consequence of repeated exposure to a particular stim- 
ulus. It may also be the case that, after sensitization has been 
induced, a smaller dose of a sensitizing drug or a smaller inten- 
sity of a stimulus induces a larger response than that seen ini- 
tially. Many drugs with abuse potential have been found to induce 
both neurochemical and behavioral sensitization, which has been 
sometimes called reverse tolerance. However, it is not necessar- 
ily the case that sensitization occurs as the result of tolerance to 
a competing stimulus effect (e.g., tolerance to sedative effects of 
the drug). The behavioral augmentation may be incremental, but 
has been seen after a single prior exposure (1) and may be max- 
imal even after a single pre-exposure (e.g., 2-4). Repeated drug 
exposure can render the subjects hypersensitive for a long period 
of time (5) and the underlying neural adaptations associated with 
sensitization have been suggested by some to play a role in the 
development of drug use disorders or in relapse (6-12); the per- 
sistent alterations of neural pathways that accompany sensitization 
may support the recurring desire to take drugs even after years of 
abstinence. 

From a historical perspective, sensitization as a model of 
drug-induced neuroplasticity has its origins in the pioneering 
work done by Eric Kandel and colleagues beginning in the early 
1970s. Dr. Kandel investigated the cellular correlates of sim- 
ple forms of learning and memory, with the invertebrate sea 
snail Aplysia californica. In this animal model, sensitization was 
investigated by studying a progressively enhanced defensive reflex 
response and described as “behavioral arousal” (13-15). Exper- 
iments to determine the cellular correlates underlying sensiti- 
zation showed strengthened synaptic connections, increases in 
neurotransmitter release, and subsequent second messenger sys- 
tems (14, 16). Interestingly, many of these systems are the same 
as those later implicated in the drug literature, as involved in 
drug-induced sensitization. The understanding of the mecha- 
nisms and behavioral relevance of drug-induced neuroplastic- 
ity is also linked to Bliss and Lomo’s (17) work, which first 
described the phenomenon of long-term potentiation (LTP), a 
long-lasting enhancement in signal transmission between two 
neurons in the hippocampus. Besides this landmark finding, they 
shaped the field by suggesting that this response was not simply a 
correlate of synaptic plasticity (18), but might actually underlie 
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learning and memory (17). This idea further developed into 
an expanding theoretical framework suggesting that drug effects 
and their associated stimuli produce long-lasting memories which 
impact the development of drug abuse and relapse (19-24). In 
1989, Karler and colleagues presented data showing that sensiti- 
zation to the behavior-activating effects of psychostimulants did 
not occur when an NMDA receptor antagonist preceded each 
repeated treatment with cocaine or amphetamine (25). This find- 
ing was notable as NMDA receptors were known to be critical 
in the induction of LTP in hippocampal CA] pyramidal cells 
(26-28). In addition, research findings indicating the contri- 
bution of the mesolimbic dopamine (DA) pathway to sensiti- 
zation were reminiscent of the “transfer” of signaling in LTP, 
involving the same pathway (28, 29). Behavioral sensitization 
and sensitization-associated neuroplasticity have now been widely 
investigated in animal models to study learning and memory, 
bipolar and psychotic disorders, impulsivity, stress-induced alter- 
ations in drug effects, and drug abuse. This chapter will focus on 
methodological details for inducing and measuring drug-induced 
sensitization and on the evidence supporting the theoretical role 
of sensitization in drug addiction and relapse. 


In early descriptions of psychostimulant sensitization, heightened 
locomotor responses were the main measure (30, 31). Repeated 
exposure to abused drugs can result in sensitization of several 
behaviors and this change in drug sensitivity has been demon- 
strated not only for locomotor effects, but also for some measures 
of arousal (e.g., stereotypic behaviors, exploration, approach, and 
attention) (32—36) and also for some effects seen during drug 
withdrawal (e.g., anxiety-like behavior) (37). Psychomotor sen- 
sitization (changes in motor behavior) is the form of behavioral 
sensitization that has received the most attention, with horizon- 
tal locomotor activity used most often as the dependent vari- 
able (see Section 3 for details). Rats and mice have been most 
often used in studies of drug-induced behavioral sensitization. 
Two distinct phases of the sensitization process have been con- 
sidered: induction (also referred as development or acquisition) 
and expression. The dissociation between those two phases has 
been established at both pharmacological and neuroanatomical 
levels (27, 38, 39) and has important clinical implications. Inter- 
ventions targeting the induction and expression of drug-induced 
sensitization are both potentially approachable. However, clini- 
cally intervening in the expression of sensitization by preventing 
activation of the altered brain mechanism is likely to be more fea- 
sible than preventing the changes in the brain from occurring in 
the first place. In animal research in which drug exposure can 
be completely controlled, a great deal of information about fac- 
tors that influence these two phases has been obtained, including 
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experimental determinants (e.g., drug dose, frequency, and dura- 
tion of treatment), information about the role of specific neuro- 
transmitter systems and receptors, genetic influences, and envi- 
ronmental factors (e.g., contextual stimuli, the role of stressors), 
many of which are discussed below. 

Psychomotor sensitization presents some key features of 
addiction: its noteworthy persistence, influence by genotype, and 
facilitation by stress (34, 40, 41). In animal research, it has been 
shown that psychomotor sensitization can be found, when tested 
by drug challenge, for a month to up to a year after drug treat- 
ment cessation (42-46). There is evidence for genotype depen- 
dence of susceptibility, although this has been relatively little stud- 
ied. The few studies that do exist have shown that, similar to what 
happens with vulnerability to drug abuse in humans, animals of 
some genotypes sensitize readily, whereas others are more resis- 
tant (2, 34, 47-54). In addition, single-gene mutants have been 
studied for differences in susceptibility to sensitization, provid- 
ing some clues to mechanisms that may be involved (e.g., 38, 
55-59). Finally, like certain drug effects in humans, psychomo- 
tor sensitization can be facilitated by stress axis (hypothalamic— 
pituitary—adrenal or HPA axis) activation (60, 61), to the extent 
that stress exposure can substitute for drug exposure in the devel- 
opment of sensitization (a phenomenon referred to as “cross- 
sensitization”) (62—66). This suggests an important role of the 
HPA axis in the neuroplastic changes associated with repeated 
drug exposure. These important factors, combined with a rela- 
tively easy-to-implement methodology, have made psychomotor 
sensitization a convenient and relevant behavioral procedure for 
studying drug-induced neuroplasticity. 


Because the focus of this chapter is on methods, we will touch 
only briefly on the topic of neural changes and neurochemical 
processes involved in sensitization and will direct our comments 
largely to approaches used for these investigations. Examinations 
have focused on neural mechanisms associated with both the 
acquisition and expression of sensitization and have used neuro- 
chemical analysis methods such as tissue content measurement by 
high performance liquid chromatography (67), in vitro voltam- 
metry (67, 68), and in vivo microdialysis (69, 70). In addition, 
pharmacological and in vivo genetic manipulations have been 
used to get at underlying mechanisms. Changes in transmitter 
receptor and transporter densities or function (56, 71) have been 
examined, and receptor-specific antagonists and agonists have 
been used in attempts to block acquisition or expression of sen- 
sitization (28, 38, 63, 66, 72-75). Drugs or genetic manipu- 
lations, such as lentiviral gene delivery, have been used to dis- 
rupt signaling molecules (76-78) or trophic factors (79). Finally, 
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neuroimaging methods have also been used (80) and are dis- 
cussed in some detail in Section 1.5.2. 

Although some pharmacological manipulations have clearly 
attenuated the locomotor response used to index sensitization, 
interpretation of this outcome must be made with some caution. 
A pharmacological agent that attenuates a sensitized locomotor 
response could do so by blocking a mechanism activated by the 
sensitizing drug, by initiating a neurochemical response that com- 
petes with the mechanism activated by the sensitizing drug, or 
by activating a similar mechanism to that activated by the sen- 
sitizing drug. In the final example, the drugs may act additively 
and place the behavior at a different point along the behavioral 
dose-response curve, perhaps at a point where there is profound 
behavioral depression, rather than restoration of basal levels of 
activity. Drugs with their own effects on locomotor behavior are 
particularly subject to having effects that may be undesirable for 
a treatment agent, particularly when given in combination with 
an addictive drug (e.g., 81, 82). Their use for treatment of non- 
drug-induced sensitization (e.g., sensitized neural processes asso- 
ciated with pathological gambling or eating) may be less prob- 
lematic. Use of a behavior rating scale (83), or measurement of 
behavioral coordination after each drug alone and the drug com- 
bination (81), can assist in the interpretation. 

Another method used for getting at mechanism is single-gene 
mutation in mice. One strength of this method is that it removes 
interpretational complications associated with some of the drugs 
used for pharmacological approaches. Another is the ability to 
study mechanisms for which there are no specific pharmacological 
tools. For example, existing muscarinic receptor antagonists are 
not completely receptor subtype specific, but recent data using 
m5 muscarinic receptor gene mutant mice suggest a role for this 
receptor in amphetamine-induced sensitization (58). However, 
there are complicating factors associated with interpreting data 
from single-gene mutant mice, which have been well discussed 
(84-86), and the combined use of single-gene mutant mice with 
existing pharmacological tools can facilitate interpretation (e.g., 


38, 87). 


Behavioral sensitization and the neural correlates associated with 
this process have been at the core of one of the most influen- 
tial theories of addiction, the incentive sensitization theory of 
addiction (88, 89). Before this theory was proposed, a number 
of authors had made important theoretical contributions to the 
idea that the neurobiology underlying the behavioral stimulant 
effects of abused drugs might be a useful readout of their rein- 
forcing properties. In 1987, Wise and Bozarth put forth the sem- 
inal psychomotor theory of addiction. In this view, all drugs of 
abuse share the ability to stimulate locomotor behavior, resulting 
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from activation of a common mesolimbic DA brain pathway 
which also was proposed to underlie primary positive reinforce- 
ment (29). This leading theory was a shift away from dependence 
models and focused attention on locomotor activity as an ani- 
mal model to investigate euphorigenic properties of drugs and 
ultimately addiction. It took only a small step to extend the the- 
ory to include sensitization; if the neurobiology of psychomo- 
tor activation overlaps with that supporting positive reinforce- 
ment, then it was logical to propose that sensitized psychomotor 
responses to drugs would reflect greater susceptibility to positively 
reinforcing drug effects. The evolution of this notion has paral- 
leled the revisions and refinements of ideas regarding the role of 
mesolimbic DA in drug and non-drug reinforcement (90-94). 
Accumulating evidence indicates that mesolimbic DA responses 
might not directly mediate the emotional aspects of reinforce- 
ment, commonly referred to as “reward” (92, 93, 95). In line 
with these postulates, the incentive theory of addiction (88, 89) 
postulates that sensitization of accumbens DA activity to abused 
drugs contributes to an explanation of pathological motivation 
toward drugs and to the transition from controlled consumption 
to compulsive patterns of drug-seeking and drug-taking that are 
characteristic of addiction. More specifically, the incentive sensi- 
tization theory of addiction proposes that repeated exposure to 
addictive drugs induces enduring changes in brain systems (neu- 
roadaptations mainly of the mesocorticolimbic DA system) that 
regulate the attribution of incentive salience (i.e., motivational 
drive, attractiveness) to stimuli. In this way, repeated drug admin- 
istration can increase (sensitize) incentive to consume a drug or 
to experience drug-seeking behavior induced by stimuli associ- 
ated with drug effects. Consequently the drug and its associated 
stimuli become highly desired or “wanted.” Thus, changes in 
incentive salience as a consequence of sensitization are linked to 
profound changes in attentional and motivational processes that 
ultimately support drug-seeking and drug-consumption behav- 
iors. According to this theory, drug-induced neuroplasticity ren- 
ders these brain circuits hypersensitive even after long periods 
of drug abstinence, which would explain pathological, unman- 
ageable motivation underlying relapse in addicts. In this incen- 
tive sensitization view, Pavlovian conditioned incentive motiva- 
tional processes play an important role, as conditioned stimuli 
can trigger the activation of sensitized neural pathways, promot- 
ing relapse. The incentive sensitization theory proposes a criti- 
cal dissociation between brain mechanisms underlying the hedo- 
nic properties of drugs, or “liking,” and those supporting their 
motivational properties, or “wanting.” According to this theory, 
the motivational attraction-like features that make unconditioned 
and conditioned stimuli “wanted” undergo long-lasting changes 
(sensitization) as a consequence of repeated drug exposure and 
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wanting is transformed into craving (88, 89). Whereas previ- 
ously there was considerable theorizing about changes in hedo- 
nic strength of drugs, with repeated administration, this theory 
suggests no change or even a decrease in strength. This view is 
compatible with allostatic theories, which view dysregulation of 
brain hedonic systems as a major component of drug addiction 
(96). 

Conceptually, the hypothesis behind the role of neural sensi- 
tization in drug addiction, which is reflected in behavioral mea- 
sures, incorporates a very inclusive framework. For instance, it 
explains how an individual with a drug use disorder could show 
“cross-sensitization” to other drugs or non-drug events, such as 
sex, food, or gambling; the neurobiology underlying reinforcer- 
driven motivation is not exclusive for abused drugs, which would 
explain comorbidity between drug addiction and other bingeing 
disorders (97-105). Also, it incorporates an explanation about 
how stress factors can impact and predispose to drug use. In 
addition to behavioral evidence of cross-sensitization, it has been 
shown that stress can produce neurochemical sensitization in 
pathways altered by addictive drugs (50, 64, 66, 106-108). Fur- 
ther, brain stress systems figure prominently in the idea that neg- 
ative reinforcement drives drug-seeking and thus, relapse, in the 
abstaining addict (96). 

Combined with pathological motivation toward drugs, it is 
also important to mention that parallel to sensitization-related 
neuroplasticity, drug-induced adaptations resulting in dysfunc- 
tional cortical mechanisms and impairment of executive control 
have also been shown; this has been related to habit formation 
and decision-making processes, which might be related to nar- 
rowing decision-making about drug use (109, 110). Together, 
all of these drug effects could explain many aspects of addictive 
behavior (111-114). 


As mentioned above, behavioral sensitization (mainly psychomo- 
tor sensitization) has been widely studied over the last two 
decades in drug research to identify neural changes and other 
consequences of repeated or chronic drug exposure. A PubMed 
(http://www.ncbi.nlm.nih.gov/sites/entrez) search (7-August- 
2010), using the keywords “behavioral sensitization drug abuse” 
pulled up 900 citations between 1990 and 2010. From a clinical 
point of view, a critical question has been whether sensitization, 
specifically incentive sensitization, has a role in the development 
and maintenance of key features of addictive behavior. In pre- 
clinical studies, it has been shown that behaviorally sensitized ani- 
mals exhibit facilitated acquisition of drug self-administration and 
drug conditioned preference, as well as increased motivation in 
their efforts to obtain the drug (115-119). Further, the effects 
of presentation of drug-associated stimuli that were paired with 
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a drug during the acquisition of sensitization have shown that 
they support incentive motivation on their own and also facili- 
tate learning of new drug-oriented or natural reinforcer-oriented 
behaviors (120-124). At a neurochemical level, it has been shown 
that drug sensitization in rats increases specific firing patterns of 
neurons in mesolimbic structures that code the incentive salience 
of a reward-related conditioned stimulus (125). In conclusion, 
a solid body of data indicate that past drug exposure resulting 
in psychomotor sensitization correlates with increased accumbens 
DA function and has been seen to support increased drug-seeking 
and increased motivation toward drugs and drug-associated cues. 


Robust drug-induced behavioral sensitization has been found in 
all mammalian species in which this process has been investigated: 
rodents (mice and rats), dogs, cats, guinea pigs, and non-human 
primates (31, 62, 126-132). It has also been found in inverte- 
brate species, like Drosophila (133, 134). In all of the species 
in which DA changes in sensitized animals have been assessed 
(mainly rodents and non-human primates), behavioral sensiti- 
zation has often been seen to develop parallel to an increased 
response of the mesolimbic DA system to drug. Increased lev- 
els of DA have been measured in the nucleus accumbens after 
challenge following repeated administration of amphetamines, 
cocaine, nicotine, ethanol, and morphine (69, 70, 135-140). 
However, there is at least one report suggesting that sensitiza- 
tion of the mesolimbic DA system may not be a requirement for 
behavioral sensitization to ethanol (141). 

Behavioral and neurochemical sensitization have also been 
studied in humans (142-163) (see Table 11.1 for a summary of 
studies). However, drug-induced motor activation has not been 
the trait of choice in studies of behavior. Rather, self-reports of 
activation and vigor, as well as experimenter ratings of energy and 
activation, attention tasks, and eye-blinking tests (see Chapter 1 
by Woodruff-Pak for detailed information about eye-blink con- 
ditioning in humans and animals) have been used to investigate 
this process in humans. Although the methods for studying drug- 
induced behavioral sensitization in humans have not been opti- 
mized, compared to those used in animal research (see below), 
over the last decade an increasing number of studies have demon- 
strated drug-induced sensitization in humans at both behavioral 
and neurochemical levels (see (164) for a recent review on sensiti- 
zation in humans). 
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Before sensitization-related theories of addiction became 
acknowledged in the addiction research field, a common assump- 
tion was that repeated drug exposure would lead to tolerance to 
the majority of the behavioral drug effects. However, clinicians 
noted that some motor responses to psychostimulants did not 
follow a tolerance-like profile. With amphetamines, for instance, 
clinicians observed that their repeated abuse induced prolonged 
increases in stereotypies (repetitive movements) and psychotic- 
like, paranoia-related episodes (165, 166). More recently, sev- 
eral systematic studies of behavioral sensitization in humans 
have shown that the repeated intermittent administration of 
amphetamine can produce persistent potentiation of eye-blink 
responses, drug-cue-biased attention, and also increases in sub- 
jective euphoria (143, 158, 159). There are data, however, indi- 
cating that subjective ratings of euphorigenic or “pleasurable” 
drug effects might not be the most appropriate dependent vari- 
able to test sensitized responses (activation or vigor ratings have 
shown results that are more consistent with sensitization theo- 
ries). Some studies indicate that drug abusers, in particular psy- 
chostimulant abusers, describe increases in drug-seeking behav- 
ior even when they show tolerance to the euphorigenic effects of 
the drug or have decreased drug liking (96). Also, as mentioned 
before, accumulating evidence suggests that the “pleasurable” or 
rewarding effects of drugs might not be mediated by DAergic 
mechanisms (those that undergo enduring drug-induced sensi- 
tization). Accumbens DA functions appear to be more closely 
related to motivation, activation, vigor, and salience of reinforcers 
and reinforcer-associated cues than to drug-induced positive emo- 
tional responses or pleasure (92, 93, 167-169). Indeed, self- 
reports of sensitized vigor and energy levels have been described 
in studies with repeated d-amphetamine administration in sub- 
jects with past drug exposure, but no history of substance depen- 
dence (143, 160); the same results were found when vigor 
and energy levels were rated by clinicians (158, 159). Interest- 
ingly, in some of those studies, sensitized behavioral responses 
to amphetamine were found in the absence of an increase in 
drug liking; in fact, self-reported drug liking was either not 
altered or decreased with repeated drug exposure in these studies 
(158, 160). 

The majority of human studies that have found behavioral 
sensitization to psychostimulants were conducted in healthy sub- 
jects, without a drug abuse history. Although at face value this 
sounds similar to how animal research is conducted — with drug- 
naive subjects — there are important differences. Because, for eth- 
ical reasons, it is rarely possible to justify the use of completely 
drug-naive subjects in drug exposure research, when subjects 
were naive to the particular drug being studied, they were not 
naive to other drugs, some of which have been demonstrated to 
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induce cross-sensitization to the study drug. This raises the ques- 
tion of what the “actual” baseline response for each individual 
subject may be, making determination of the change in response 
difficult to measure. This is not an issue in animal research in 
which drug exposure can be completely controlled. 

Sensitization has also been studied in individuals with drug 
use disorders. In long-term cocaine abusers, sensitized subjec- 
tive effects or physiological responses were reported to be absent 
(e.g., 156); however, without initial response data, the accu- 
racy of this conclusion cannot be evaluated. Even after a drug- 
free period, the response of these individuals to the initial drug 
exposure in these studies may have been sensitized from the his- 
tory of drug exposure, resulting in no change in response upon 
drug re-exposure (i.e., a ceiling effect). Also, it is common for 
these studies to use only two drug exposures to assess the pres- 
ence or absence of sensitization, which may have been inade- 
quate for demonstration of this phenomenon. Other important 
factors in human studies examining behavioral sensitization are 
dose, dosing interval, and time elapsed between the cessation of 
treatment and test. Animal research shows that for classical psy- 
chostimulant drugs like cocaine and amphetamines, intermittent 
drug administrations of moderate or high doses are optimal for 
achieving drug-induced behavioral sensitization (5, 127, 170). 
Similarly, studies in humans using amphetamine have shown that 
repeated administrations of higher doses (20-30 mg; p.o.) of this 
drug, but not lower doses (5-10 mg), are required to observe 
sensitized responses (143, 148, 150). Some animal research has 
also indicated that an “incubation” period after the cessation of 
drug treatment may be important for the establishment of long- 
term central nervous system changes that accompany sensitization 
(72, 171, 172). These factors are discussed in greater detail in 
Section 4.2. To the best of our knowledge, this factor has not 
been explored in studies involving human subjects. 


Behavioral sensitization in the form of stereotypic behaviors, as 
an apparent result of chronic pro-DAergic treatment, has been 
seen in Parkinson’s disease patients undergoing DA replacement 
therapies and described in relation to the similar abnormal invol- 
untary movements (i.e., stereotypies) seen in methamphetamine 
abusers (173, 174). In fact, the mechanisms of behavioral sensiti- 
zation during DA replacement therapy have been suggested to be 
very close to the neurobiology underlying the sensitizing effects 
of methamphetamine. This homology has been seen not only at 
a behavioral level, but also when several neurochemical measures 
are taken into account in human studies (i.e., DA receptor stim- 
ulation, changes in transduction pathways, gene expression, and 
alterations in the phenotype of striatal neurons) (see 173, 174). 


284 Phillips et al. 


1.5.3. The Ideal Human 
Study? 


Evidence for sensitization of amphetamine-induced stri- 
atal DA release has been described recently in humans. In 
2006, Boileau and colleagues (143) used the radiolabeled 
tracer [!!C]raclopride (a DA D2/D3 antagonist) in a positron 
emission tomography (PET) study that also included registra- 
tion of anatomical magnetic resonance imaging (MRI). In this 
study, subjects without a history of drug abuse received three 
amphetamine (0.3 mg/kg) administrations, orally, given every 
other day with a withdrawal period of 2 weeks or 1 year. Then, 
a fourth amphetamine administration was given in the same con- 
text (the PET scan). A decrease in [!!C]raclopride binding was 
interpreted as an increase in dopamine release. A greater decrease 
in binding was seen after the fourth administration as compared 
to the first, which was interpreted as sensitization to the DA- 
releasing effect of amphetamine. This effect was found at the 
level of the ventral striatum, which includes the nucleus accum- 
bens, as well as the sensorimotor putamen. Corresponding with 
the neurochemical outcome was sensitization of behavioral vari- 
ables, including ratings of alertness and energy (143). 

A number of studies in humans have failed to find behav- 
ioral or neurochemical sensitization (some of these studies are 
also included in Table 11.1). In those in which sensitization 
was demonstrated, healthy subjects without a history of drug 
abuse were used, drug administration and tests were context- 
dependent, and moderate-to-high doses of psychostimulants were 
used. It is noteworthy that unlike pre-clinical research, to the 
best of our knowledge, there are no data available for drugs 
like ethanol or opiates showing neurochemical sensitization in 
humans; only cocaine and amphetamines have been studied. 


Because we do not perform research using human subjects, we are 
not qualified to provide a detailed description of a human study 
of sensitization, as we do for measurement of the same in mice 

(see Section 3). However, we will take this opportunity to express 
our thoughts about what characteristics we believe to be impor- 
tant in the ideal human study. The first would be that individ- 
uals that are relatively drug naive be used so that a measure of 
initial drug sensitivity can be obtained. Repeated drug exposure 
and response measurement in the same drug-associated context 
would also be part of the design. Another important charac- 
teristic would be that objective measures of sensitivity be used. 
Depending upon the drug, these could include heart rate, skin 
temperature, eye-blink rate, the use of actimeters for objective 
measurement of activity, and neural imaging. However, clearly an 
advantage to using human subjects over animal subjects is their 
ability to express how they are feeling, and descriptive question- 
naires should also be part of the study design. In this case, it 
would be beneficial to consider questions or objective ratings that 
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specifically target vigor and energy apart from general mood. Also 
important would be examination of the data for individual vari- 
ability in initial drug response and change in response. As has 
been seen in animals, some individuals may be more susceptible 
to the development of sensitization than others and this suscep- 
tibility may or may not be associated with their initial sensitivity. 
It is important to take this into consideration when drawing con- 
clusions about whether humans did or did not display sensitiza- 
tion in a particular study. Finally, because animal studies have sug- 
gested that an incubation period may reveal unique information 
about drug-induced sensitization, the ideal human study would 
also include a drug wash-out period followed by a final drug chal- 
lenge. All of this said, we recognize that because drug-induced 
sensitization has been shown to be long-lasting and to influence 
drug self-administration, there are certain risks in performing the 
ideal study in humans that may be impossible to overcome. 


2. Materials 


3. Methods 


The methods for measuring drug-induced sensitization in animals 
and humans are quite different and require different materials. In 
addition, methods for measuring behavioral versus neurochemi- 
cal sensitization require completely different analytical tools. We 
will describe herein only the materials and methods relevant to 
psychomotor sensitization measurement in mice, using injected 
drugs. 

(1) Calibrated 1-ml injection syringes with 0.4-mm, 27-ga 

hypodermic needles 
(2) Vehicle for injection 
(3) Drug in the appropriate concentration(s) for injection 


(4) Automated activity monitoring equipment — we use 40 x 
40 x 30 cm AccuScan monitors (AccuScan Instruments, 
Columbus, OH) 


(5) Ventilated housing chambers for the monitoring equip- 
ment to exclude external light and noise 


(6) A scale for measuring body weight 
(7) Bedding-lined holding cages 


(1) On each day, move mice in their home cages to the testing 
room about l1 h prior to injection or testing and leave 
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them undisturbed to allow them to acclimate to the test 
room. 


On each test day, prepare one bedding-lined holding cage 
for each locomotor chamber to be used. Weigh each mouse 
to be tested in the first test pass and place each in a separate 
holding cage within 10 min of testing. 


On test days 1 and 2, inject each mouse intraperitoneally 
(i.p.) with vehicle (saline) immediately prior to placement 
in the activity chamber and test for 5—20 (ethanol or other 
rapid, short-acting drugs) or 15—60 (methamphetamine or 
other drugs with longer-duration effects) min; the duration 
of test can be as long as desired, but data should be col- 
lected in relatively short-time intervals (1-5 min) so that 
the time course can be examined. Data collected on day 1 
will provide baseline activity data in a novel environment. 
Data collected on day 2 will provide baseline activity data 
in a familiar environment. 


Return mice to their home cages after testing on each day 
and return mice to colony room after all mice have been 
tested. 


Examine day 2 baseline activity data to be certain that 
groups to be treated differently on subsequent days are 
well matched for activity level. We recommend that if pho- 
tocell beam interruptions are used to provide the mea- 
sure of activity, then a monitoring system that can translate 
these data into distance traveled be chosen. Arrange mice 
into treatment groups so that they are matched for base- 
line activity level, also taking into consideration the impor- 
tant factors in your experiment, such as litter, strain, and 
sex. 


On test day 3, inject one group of mice i.p. with vehicle 
(Vehicle Control) and the other group i.p. with drug (Drug 
Group; this is for a single-dose study). Begin testing imme- 
diately after injection as on days 1 and 2. Data collected 
on day 3 will provide a measure of acute stimulation, when 
compared to the day 2 baseline. 


Treatment on subsequent days will depend upon the drug 
to be tested: 
For methamphetamine and cocaine (see Table 11.2) 
(a) On days 4, 6, 8, and 10, leave animals undisturbed in 
their colony room. 


(b) On days 5, 7, and 9, inject with vehicle or the same 
treatment dose as on day 3, and test as on day 3. 


(c) On day 11, inject all mice with drug and test. Day 11 
data will provide a measure of sensitization by com- 
paring the repeated Vehicle Control group with the 
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Table 11.2 

Summary of test protocol for cocaine- or methamphetamine-induced locomotor 

sensitization 

Day: 1 2 3 4 5 6 7 8 9 10 11 ID 
Vehicle Veh Veh Veh None Veh None Veh None Veh None Drug Veh 
Control 

Drug Veh Veh Drug None Drug None Drug None Drug None Drug Veh 
Group 


Test Test Test — Test —- Test — Test —- Test Test 


Veh: vehicle treatment; None: no treatment; Drug: cocaine, methamphetamine, or 
other psychostimulant drug treatment; Test: locomotor test; —: no locomotor testing. 


repeated Drug Group. In addition, the increase in drug 
response on day 11 for the repeated Drug Group, 
compared to their response on day 3 will provide a 
within-group measure of sensitization. A blood sam- 
ple can be obtained on this day after testing to mea- 
sure blood drug concentration in mice receiving drug 
for the first time versus those that have received drug 
repeatedly. 


(d) Finally, on day 12, inject all mice with vehicle and test. 
Day 12 data will provide a measure of conditioned acti- 
vation — mice that have received drug repeatedly paired 
with the test chamber may exhibit higher levels of activ- 
ity on this day than those that have received vehicle on 
most days in the same environment. 


(e) If desired, wait for a period of 1-3 weeks and challenge 
the repeated Drug Group mice with drug to examine 
whether sensitization continues to be expressed. 


Figure 11.1 gives an example of data for a cocaine sensitiza- 
tion study through step (d). Mice in this experiment were adult, 
male and female mice from a line selectively bred for low levels of 
voluntary methamphetamine consumption. The dose of cocaine 
was 10 mg/kg. They were tested for 15 min, with data collected 
in 5-min time intervals. Note (1) the similarity of the two groups 
in locomotor activity after saline on days 1 and 2, (2) the acute 
response to cocaine of the Cocaine Group on day 3, (3) the simi- 
larity of the acute cocaine response of the Vehicle Control on day 
11 to that of the Cocaine Group on day 3, (4) the gradual increase 
in cocaine stimulant response of the Cocaine Group from day 3 
to day 11 (this is the measure of within-group sensitization), (5) 
the difference in response to cocaine between the two groups on 
day 11 (this is the measure of between-groups sensitization), and 
finally (6) the slightly increased locomotor behavior after saline 
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Example of Cocaine-Induced Sensitization 
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Fig. 11.1. Mean + SEM for distance traveled during 15-min tests following the protocol described in Table 11.2. Vehicle 
Control mice received 0.9% saline on all days shown except day 11, when they received an i.p. injection of 10 mg/kg 
cocaine HCI. The Cocaine Group received 0.9% saline on days 1, 2, and 12, and 10 mg/kg cocaine on all other days. 
Mice were left undisturbed on days 4, 6, 8, and 10. ***p < 0.001 for the comparison of the two groups on day 3. +*+ p 
< 0.001 for the comparison of day 3 to day 11 within the Cocaine Group and for the comparison of the two groups on 
day 11. tp = 0.07 for a statistical trend toward a difference between the two groups on day 12. 


on day 12 of the Cocaine Group compared to the Vehicle Control 
(not quite significant in this case), suggesting some conditioned 
activation associated with repeated treatment with cocaine in the 
test environment. 

For ethanol (see Table 11.3) 

(a) On days 4, 5, 7, 8, 10, and 11, weigh mice, treat with saline 
or ethanol (in colony room or in test room), and return 
them to their home cages — holding cages are not used on 
these days. 


(b) On days 6 and 9, weigh mice and place in holding cages, 
inject with saline or ethanol, and test as on day 3. 


(c) On day 12, inject all mice with ethanol and test. Day 12 
data will provide measures of between-group and within- 
group sensitization. A blood sample can be obtained on this 
day after testing to measure blood ethanol concentration in 
mice receiving ethanol for the first time versus those that 
have received ethanol repeatedly. 


Table 11.3 
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Summary of test protocol for ethanol-induced locomotor sensitization 


Day: Jl 2 3 4 5 6 y 8 9 10 JUL 12 13 

Vehicle Veh Veh Veh Veh Veh Veh Veh Veh Veh Veh Veh EtOH Veh 
Control 

Drug Veh Veh EtOH EtOH EtOH EtOH EtOH EtOH EtOH EtOH EtOH EtOH Veh 
Group 


Test Test Test — — Test — — Mest = — Test Test 


Veh: vehicle treatment; EtOH: ethanol treatment; Test: locomotor test; —:no locomotor testing. 


(d) On day 13, inject all mice with vehicle and test. Day 13 data 
will provide a measure of conditioned activation. 


(e) If desired, wait for a period of 1-3 weeks and challenge the 
repeated Drug Group mice with drug to examine whether 
sensitization continues to be expressed. 


Figure 11.2 gives an example of data from an ethanol sen- 
sitization study through step (d). Mice in this experiment were 
adult, male DBA/2 J strain mice and the dose of ethanol used on 
treatment and test days was 2 g/kg. Mice were tested for 20 min, 
with data collected in 5-min time intervals. Note (1) the similar- 
ity of the two groups in locomotor activity after saline on days 
l and 2, (2) the acute response to ethanol of the Ethanol Group 
on day 3, (3) the similarity of the acute ethanol response of the 
Vehicle Control on day 12 to that of the Ethanol Group on day 
3, (4) the increase in ethanol stimulant response of the Ethanol 
Group from day 3 to day 12 (this is the measure of within-group 
sensitization), (5) the difference in response to ethanol between 
the two groups on day 12 (this is the measure of between-groups 
sensitization), and finally (6) the similarity of the two groups in 
locomotor behavior after saline on day 13, indicating no condi- 
tioned activation in the Ethanol Group in this study. 


4. Notes 


4.1. Treatment Issues 


There is an array of factors to consider when designing an exper- 
iment to measure susceptibility to drug-induced sensitization or 
to identify underlying mechanisms. Because it may be desirable 
to examine both enhancement and attenuation of sensitization, it 
may be useful to have methods that produce submaximal as well 
as maximal levels. 
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Example of Ethanol-Induced Sensitization 
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Fig. 11.2. Mean + SEM for the distance traveled during 20-min tests following the protocol described in Table 11.3. 
Vehicle Control mice received 0.9% saline on all days shown except day 12, when they received an i.p. injection of 2 g/kg 
ethanol. They received saline injections in their colony room and were then returned to their home cages on intervening 
days 4, 5, 7, 8, 10, and 11. The Ethanol Group received 0.9% saline on days 1, 2, and 13, and 2 g/kg ethanol on all other 
days, including the intervening days between test days, when they were treated in the home cage. ***p < 0.001 for the 
comparison of the two groups on day 3. *p < 0.05 for the comparison of day 3 to day 11 within the Ethanol Group and 
for the comparison of the two groups on day 11. 


Factors to consider are dose, number of treatments, frequency 
or interval between treatments and challenge, and duration of 
testing. It was shown almost three decades ago that more inter- 
mittent treatment schedules produce a greater magnitude of loco- 
motor sensitization to methamphetamine, but that the effect of 
interval between treatments was dependent upon dose (127); 
more robust sensitization was seen with longer intervals between 
treatments for higher methamphetamine doses. In a study that 
extended examination of treatment interval to other drugs of 
abuse, a treatment interval of 24 h or longer was needed to induce 
locomotor sensitization to methamphetamine, cocaine, and mor- 
phine (170). The same treatment schedule may produce different 
behavioral responses, even for drugs with similar mechanisms of 
action, like cocaine and methamphetamine (e.g., 175). These fac- 
tors create some lack of clarity with regard to choosing a dose 
and treatment interval. However, for classical stimulant drugs like 
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cocaine and amphetamines, it seems to be advisable for the induc- 
tion of sensitization to utilize an intermittent treatment schedule 
in which drug is allowed to fully clear between treatments, rather 
than a more chronic treatment schedule (176). 

For ethanol, we have found more reliable and robust sen- 
sitization with a 24-h treatment interval; however, both daily 
(38, 59, 74, 177) and less frequent (56, 178) treatments have 
been shown to induce sensitization to ethanol. A systematic study 
showed that in Swiss mice, treatment intervals of 24, 48, and 96 h 
induced similar degrees of ethanol-induced sensitization (179). 
However, it is currently unknown whether there are genotype- 
dependent effects of treatment interval, because this has not been 
systematically studied. On the other hand, dose of ethanol has 
been clearly shown to play an important role in both the devel- 
opment and expression of sensitization (179, 180). In our experi- 
ence, sensitization to ethanol can be reliably induced using a 24- 
h treatment interval, with ethanol doses of 1.5 g/kg or greater, 
in strains that are susceptible to ethanol-induced sensitization. 
Higher doses for the induction of sensitization are advisable in 
less sensitive genotypes (e.g., 180). Sensitization can be induced 
by three or fewer exposures to ethanol in some mouse strains, but 
may require a larger number of exposures in others (181-183). 
Also, for ethanol, we have found that at least the sensitization- 
resistant C57BL/6 J strain is more likely to show sensitization 
using a repeated injection procedure that does not include test 
environment exposure during the treatment phase (182). 

Pharmacokinetic/pharmacodynamic factors likely provide a 
partial explanation for the influence of treatment interval on 
magnitude of sensitization. Longer treatment intervals may be 
required for drugs like methamphetamine that have a longer half- 
life ifa drug-free period between administrations is important in 
the sensitization process. In fact, at least for ethanol, sensitization 
has been described as a kindling-like process that could influence 
craving (184) and may require recurrent cycles of exposure, drug 
clearance, and withdrawal to fully develop (185). Repeated cycles 
of chronic ethanol exposure with intervening drug-free periods 
have been shown to result in increased ethanol intake compared 
to levels seen after a single episode of chronic exposure (186, 
187). An escalating dose, binge-like model of cocaine adminis- 
tration has been advocated for studying sensitization, as an expo- 
sure model that might better reflect escalating drug use (188). 
This may be a good choice, depending upon the goal of the 
drug administration model. In a study of non-treatment-seeking 
cocaine users, the effects of escalating doses of smoked cocaine 
were studied. Sensitization of heart rate, blood pressure, positive 
drug effect ratings, and cocaine liking were found in the escalat- 
ing dose group, but not in the fixed dose group (147). 
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4.2. Test Issues 


Test frequency and duration should also be considered 
when designing a sensitization study. Tests after every drug 
administration or every few administrations allow the acquisi- 
tion pattern to be tracked. However, acquisition pattern may vary 
from experiment to experiment even when identical procedures 
are used with the same type of mouse in the same laboratory. 
For example, results for two groups of CFW mice tested for 
the acquisition of ethanol-induced sensitization were presented 
in a single paper (189). In both groups, robust sensitization 
was demonstrated. However, in one group, maximum sensiti- 
zation was present on the second test day, which was after the 
fourth ethanol treatment, whereas in the other group, a progres- 
sive increase in sensitization was evident across two additional 
tests, after the seventh and tenth ethanol treatments. One possible 
explanation for the differences in this case is individual differences 
in susceptibility to sensitization. CFW mice are a genetically het- 
erogeneous stock and there could be genotype-dependent differ- 
ences among individual animals that would be revealed in mean 
response differences. Another possible source of variation is envi- 
ronmental. Although the data for the two experiments were col- 
lected in a single laboratory, using common equipment and meth- 
ods, it is not known if the same person collected both data sets or 
during what season of the year the data were collected and what 
impact such variables may have had. Others have shown that one 
cannot completely control environmental factors that may influ- 
ence experimental results (190, 191), even when using genetically 
identical individuals (i.e., inbred strains). 

Duration of the behavioral test should take into account 
the pharmacodynamics of the drug which affect the duration 
of the behavioral response. For example, for ethanol the behav- 
ioral stimulant effects are rapid and relatively short-lived (e.g., 
87, 192, 193), so a shorter test duration (~15 min) may be 
appropriate. For methamphetamine, the stimulant effects occur 
rapidly after administration, but last longer (194, 195); thus, 
a somewhat longer test duration (~60 min) may be desir- 
able if the goal is to measure behavior for the entire dura- 
tion of the drug response; however, sensitization can clearly be 
detected during earlier time points for drugs with longer dura- 
tions of action (e.g., 2, 196, 197), so shorter test periods may 
also suit the goals of the research. Clearly, time is an impor- 
tant factor to include in the analysis of sensitization data. If 
data are accumulated into a single, long test period, but effects 
occur and subside rapidly, these transient effects may be diffi- 
cult to detect without consideration of time-dependent patterns 
of response. 

For the measurement of expression of sensitization, dose, 
amount of time elapsed since the last drug treatment, and 
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environmental factors must be considered. Most commonly, the 
dose used for pretreatment has also been used as the challenge 
dose when testing for the expression of sensitization. However, 
it may be desirable to treat with a higher dose and then test 
with a drug dose appropriate for measurement of psychomotor 
stimulation. Higher doses of some drugs in some genotypes may 
be more efficacious for inducing sensitization (although this has 
not been systematically studied), but would be behaviorally debil- 
itating in locomotor challenge tests. Of course, if one wanted to 
examine the role of pre-treatment dose, the ideal design might be 
to treat different groups of animals with multiple doses and then 
test all with a common dose (e.g., 180). Some animal research 
has also indicated that an incubation period after the cessation 
of drug treatment may be important for the establishment of 
long-term central nervous system changes that accompany sen- 
sitization. However, an early examination of dopamine responses 
in comparison to behavioral sensitization to cocaine showed that 
there was no perfect correspondence between augmented behav- 
ior and augmented extracellular dopamine in response to cocaine 
challenge; effects were dependent upon dose and the time after 
cocaine treatment and withdrawal that the measurements were 
taken (198). This and other studies have shown that the aug- 
mented behavioral response can be seen both during the repeated 
treatment phase and upon challenge at various times after cessa- 
tion of treatment. Therefore, the goals of the research may dictate 
the particular choice of whether an incubation period is included 
in the research design or not. For example, if one is interested 
in recording genotype-dependent differences in susceptibility to 
drug-induced sensitization, an incubation period may not be use- 
ful. However, if neurochemical or genetic changes associated with 
persistent sensitization-related changes are the goal of the inves- 
tigation, an incubation period or even a time course after drug 
withdrawal may be an important facet of the design. 


One environmental factor pertains specifically to the sensitization 
methods described in Section 3. As an alternative to using hold- 
ing cages, mice can be weighed and returned to their home cages 
prior to treatment or weighed one at a time just prior to injection 
as they are placed immediately into an activity monitor. The use 
of holding cages allows for all injection syringes to be prepared for 
a set of mice, and mice to be placed into activity monitors within 
a short period of time so that testing is better synchronized. We 
have performed ethanol sensitization studies both with and with- 
out holding cages and have not found systematic effects of this 
short change in environment. However, we have not systemati- 
cally studied the question of holding cage use. 

Another environmental issue is the influence of the environ- 
mental cues that are associated with drug effects by virtue of 


294 Phillips et al. 


4.4, The Role 

of Stress 

in Drug-Induced 
Sensitization 


being paired with drug treatment. Such cues have been shown 
to play an important role in the expression of sensitization 
(199-201). However, not all drug-induced sensitization is 
context-dependent; at least for ethanol, sensitization can be 
expressed in a novel environment after home cage treatment (38, 
66, 176, 202). To demonstrate context-dependent sensitization, 
it has been shown that when animals consistently receive drug 
in association with a particular environment, the magnitude of 
sensitization expressed will be greater when testing occurs in 
the drug-associated environment, than when tested in another 
environment (203-205), although the affective nature of the 
environment can also play a role in the outcome (206). Likewise, 
neurochemical sensitization may not be fully expressed in an alter- 
native environment (203). In addition, animals tested after vehicle 
treatment in the drug-paired environment will sometimes show 
“conditioned activation” — a response elevated above that of simi- 
larly treated animals that have not received the drug—environment 
pairing (e.g., 202). As they have in animal studies, in our opin- 
ion, associative cues need to be taken carefully into consideration 
in human studies of drug-induced sensitization. Described in 
Section 1 was a study in which both behavioral and neurochemi- 
cal sensitization to amphetamine were seen in men without a his- 
tory of drug abuse (143). One potentially critical characteristic 
of that study was that each drug administration was paired with 
the same particular context and was consistent with the context 
used for the challenge tests. In other work by this research group, 
drug cues (in this case the drug context plus administration of a 
placebo pill) were also able to elicit a sensitized DA response in 
humans (144). 


Drugs that induce sensitization have been shown to mimic the 
effects of stressors by altering levels of HPA axis-associated pep- 
tides or receptor levels (4, 207-210). Activation of the HPA or 
stress axis may be critical to the development of sensitization (50, 
211, 212). Therefore, when conducting studies of drug-induced 
sensitization, it is important to consider the potential stressors 
that may be present as part of the research design and could 
influence the results. For example, an effect of cage crowding on 
the magnitude of sensitization to ethanol may have been due to 
effects of stress (213). Also, even a seemingly simple change in 
design, such as a single exposure to the test environment prior 
to being tested for sensitization with a drug challenge, can have 
a profound effect on magnitude of sensitization (214); in one 
case it reduced magnitude of sensitization, suggesting that nov- 
elty of the environment is an important component in some 
sensitization-induction or expression procedures. In addition to 
possible effects of stress axis activation on drug response, the per- 
sistent neuroadaptations underlying drug-induced sensitization 
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have been proposed to increase sensitivity to stressors, more 
readily activating mechanisms that lead to relapse (215, 216). 
Consistency of the technician handling the mice throughout the 
experiment (189) is likely an important consideration with regard 
to the role of stress in the development of drug-induced sensiti- 
zation. 
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Chapter 12 


Evaluating Behavioral Outcomes from Ischemic 
Brain Injury 


Paco S. Herson, Julie Palmateer, Patricia D. Hurn, 
and A. Courtney DeVries 


Abstract 


Brain injury resulting from cerebral ischemia is a significant clinical problem. Stroke (focal cerebral 
ischemia) is the third leading cause of death in the United States. In addition, approximately 500,000 
people annually in the United States suffer brain injury after global brain ischemia consequent to cardiac 
arrest and cardiopulmonary resuscitation (CPR). Despite intensive research over the past few decades, 
survival and neurological outcome for both types of ischemic injury remain poor. Therefore, the need 
for therapies to protect the brain during ischemic episodes and to enhance its potential for plasticity and 
repair after ischemia remains paramount. This chapter discusses behavioral techniques and considerations 
that are vital to brain injury studies of experimental stroke or cardiac arrest. Testing protocols are focused 
on the mouse, as this species is readily amenable to genetic alteration and so has rapidly become the 
dominant species employed in most laboratories. 


1. Introduction 


1.1. Overview Brain injury resulting from cerebral ischemia is a significant clin- 
ical problem. Indeed, stroke remains the third leading cause 
of death in the United States, and a similar epidemiology has 
been reported in most countries around the world. Despite con- 
siderable efforts in clinical and basic science research, throm- 
bolytic tissue plasminogen activator (tPA) is currently the only 
agent approved for acute stroke treatment, although its use is 
limited by a narrow treatment window. Therefore, the need 
for therapies to protect the brain during ischemic episodes and 
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1.2. Natural Mouse 
Characteristics to Be 
Considered 

in Behavioral 
Assessment 


to enhance its potential for plasticity and repair after ischemia 
remains paramount. From 1999 to 2009, a series of expert panels 
were convened to recommend best practices for pre-clinical ani- 
mal studies (for most recent study see 1). The resulting guidelines, 
known as the Stroke Therapy Academic Industry Roundtable 
(STAIR) recommendations, specifically include short-term and 
long-term behavioral variables. The STAIR recommendations, 
and other expert sources, emphasize that behavioral outcomes, 
rather than histologic or molecular endpoints alone, are essen- 
tial for moving experimental therapies forward to human trials, 
where functional outcomes remain the gold standard for measur- 
ing treatment efficacy. 

Accordingly, this chapter discusses techniques for evaluat- 
ing behavioral outcomes and other considerations that are vital 
to brain injury studies of experimental stroke (focal cerebral 
ischemia) or cardiac arrest (global cerebral ischemia). A variety of 
animal models have been employed for pre-clinical drug and ther- 
apy studies, including higher order, gyrencephalic species such 
as dog, cat, and non-human primates. These models, however, 
pose significant challenges including difficulty in assessing behav- 
ior over time and coherently among laboratories, high cost, and 
lack of ready animal availability. In contrast, behavioral outcomes 
in rodent models such as gerbil, rat, and mouse have been well 
studied. This chapter will focus on behavioral testing in mouse 
since this species is readily amenable to genetic alteration and has 
therefore rapidly become the dominant species used in most lab- 
oratories. 


Over the past two decades, the popularity of using mice in behav- 
ioral studies has grown dramatically with the mainstream avail- 
ability of genetically altered mice. Most of the rodent behavioral 
tests that are currently used were originally developed for rats, 
and then modified for testing mice. Although there remains a 
tendency to think of mice as miniature rats, basic behavioral dif- 
ferences between the most popular laboratory strains of rats and 
mice include baseline locomotor behavior, rearing, exploratory 
behavior, aggressive behavior, stress responsivity, learning of cog- 
nitive tasks, and social behavior. These differences can affect the 
mouse’s performance in the behavioral task and obscure data 
interpretation if not taken into consideration when adopting a 
protocol. Thus, it is crucial to choose behavioral protocols that 
have been well characterized and validated for use with mice. The 
large size differential between mice and rats also means that few 
testing apparati are the optimal size for both species. Finally, it is 
preferable to maintain separate testing facilities for mice and rats 
since rats are mouse predators, and lingering rat odors may affect 
mouse behavior. 


1.3. Importance 
of Biological Sex 
and Genetic Strain 
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Knowledge of molecular and cellular mechanisms of neuroprotec- 
tion or plasticity is important in both sexes. Accordingly, optimal 
injury-related behavioral studies consider potential gender differ- 
ences in response to ischemia and repair. In humans, clear sex- 
linked patterns of cerebrovascular disease and stroke have been 
observed. For example, overall incidence of stroke is higher in 
men compared to women in all countries and across ethnic back- 
grounds (2). However, the incidence of stroke increases in both 
sexes with age and evidence now suggests that outcome from 
stroke is worse in aged women than in men. Not surprisingly, sim- 
ilar sex-linked sensitivity is readily apparent in rodent injury mod- 
els. The animal’s sex impacts injury assessment in two ways. First, 
the amount of tissue damage resulting from an ischemic event is 
typically greater in the adult male versus female until the middle 
years of life. These differences are due in part to cellular actions 
of sex steroids: 17B-estradiol, testosterone, and the progesterone- 
neurosteroid family. Although reported behavioral studies in both 
sexes are rare, it logically follows that differences in the extent of 
tissue damage will influence, and may correlate with, functional 
measures of sensory-motor performance and cognition. Second, 
emerging evidence suggests that the molecular mechanisms of 
cell death or repair are not necessarily identical in both sexes (for 
recent review, see 3). Therefore, studies of genetically engineered 
animals are best constructed to include both sexes despite the 
additional cost and increased animal use. 

Genetic strain also strongly influences outcomes from 
ischemic injury. Common mouse strains such as C57BL/6, 
SV129, CD1, and BALBc display large inter-strain differences in 
cerebrovascular anatomy, hemodynamic variability, and suscepti- 
bility to tissue damage from a controlled ischemic insult (4-6). 
Accordingly, outcomes from experimental focal and global 
ischemia may be largely determined by background strain or con- 
fluence of genetic strain. Recovery factors such as susceptibility 
to post-insult inflammation and systemic infection are also known 
to be strain dependent (7), which may greatly impact plasticity, 
neurogenesis, and consequent functional recovery. 


2. General Primer 
for Establishing 
Mouse Behavioral 
Testing 


2.1. Housing 
and Animal Issues 


The housing environment during both development and adult- 
hood can influence physiological and behavioral responses in 
mice. For any given study, all mice that are purchased as adults 
and shipped to the testing facility should be procured from a 
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2.2. Testing 
Environment 


single vendor to minimize variability due to different develop- 
mental exposures. Subtle differences in breeding facilities can have 
long-term effects on stress responsivity, which, in turn, can add 
variability to behavioral data sets. Furthermore, significant vendor 
effects on cerebral arteries and infarct volumes following cerebral 
ischemia have been reported (8). 

The mice within a study should be the same sex (unless 
sex differences are being examined, see above) and the same 
approximate size at time of ischemia. They should also be 
allowed to acclimate to the vivarium for at least 1 week prior 
to being enrolled in the study. Transporting animals is stress- 
ful to them, and stress can alter both behavioral responses and 
ischemic outcome (9, 10). The mice should be housed on a 
set light cycle in cages that are cleaned on a schedule. How- 
ever, to minimize differences in stress during testing, it is ideal 
to avoid cage cleaning within the 24 h that precede behavioral 
testing. 

Good communication with the animal care staff should 
be established to ensure the most consistent possible environ- 
ment. For example, the staff must notify investigators about 
facility-wide changes that could affect ischemic outcomes, such 
as a change in the brand of rodent chow. Indeed, rodent 
chow has high and often variable concentrations of phytoe- 
strogens, which can alter physiological responses to estrogens 
and, in turn, can affect behavior and infarct size; the type and 
amount of food should remain consistent for the duration of the 
study. 

The number of mice housed together in cages also should 
remain consistent across groups. Efforts to increase efficiency 
within animal colonies have led many research institutions to shift 
from charging per diem based on the number of mice to charg- 
ing per diem based on the number of cages (allowing up to five 
mice per cage). Thus, the more mice housed per cage, the lower 
the overall per diem charge. Although there may be clear fiscal 
benefits to group housing, male mice tend to be territorial and 
will fight to establish dominance hierarchies. The result is a strati- 
fication of cutaneous wounding, testosterone concentrations, and 
corticosterone concentrations across animals within the cage (11). 
Each of these factors can influence behavior and ischemic out- 
come. 


The testing environment can influence the magnitude of behav- 
ioral effects (12); so, it is imperative to maintain a consistent test- 
ing environment in order to reduce variability and increase repro- 
ducibility of the data. An ideal testing environment is located 
close to the vivarium to reduce transport stress and has steady 
temperature and lighting, as well as low noise and vibration. The 
mice awaiting testing should be maintained in an adjacent room 


2.3. Steps to Reduce 
Variability and 
Maximize Effect Size 
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so that they are not influenced by the vocalizations or olfactory 
alarm cues emitted by other mice during routine handling or 
behavioral testing. Olfaction is the primary modality by which 
rodents communicate with other rodents and detect predators. 
Indeed, clothing can retain odors that can influence a mouse’s 
behavior, such as odors from pet cats and dogs, i.e., predators. 
Wearing hospital scrubs that are laundered daily and avoiding 
scented toiletries will reduce this concern. Cleaning the behav- 
ioral apparati between each animal with 70% ethanol is also impor- 
tant for reducing the potential effects of odor cues from other 
mice. 


Maintaining consistent vivarium and behavioral testing environ- 
ments and strictly adhering to the study protocol are important 
steps toward decreasing variability and achieving sufficient sta- 
tistical power with the fewest number of animals. All essential 
procedures should be performed by a single, well-trained indi- 
vidual. Although it is acceptable for several people to work on 
a single study, all surgeries should be performed by the same 
individual; additionally all data for a particular behavioral task 
should be collected by one individual who is not aware of the 
experimental assignments of the animals they are testing. This is 
particularly true not only for outcome measures that are some- 
what subjective, such as neuroscore, but it is also important for 
automated tasks, such as measuring locomotor activity, because 
the style of handling and other personal techniques that influ- 
ence placement of the mouse in the apparatus can also impact 
behavior. 

The proper timing of ischemia and behavioral testing is also 
vital because rodents exhibit strong circadian patterns in physiol- 
ogy and behavior. Indeed, a shift of as little as 4 h in the timing 
of cerebral ischemia relative to the onset of the light phase can 
have a significant effect on the extent of neuronal damage and 
subsequent behavioral alterations (13). Likewise, each behavioral 
task should be conducted during the same time of day, whether 
during the dark cycle, which is the active phase for mice, or dur- 
ing the light cycle, which is their inactive phase. Testing during 
the active phase is preferable if the testing can be conducted in 
darkness or under red light, such as measuring general locomotor 
activity; however, tasks that require bright lights, such as the ele- 
vated plus maze, water maze tracking system, or passive avoidance 
(see below), should be conducted during the light cycle to avoid 
disrupting the animal’s circadian rhythm. 

Other crucial factors to consider are the number of mice to 
house per cage and whether to include objects for environmental 
enrichment. Although social and environmental enrichment have 
been reported to improve animal welfare, they have also been 
shown to reduce infarct size and/or behavioral deficits in several 
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2.4. Choosing 
Ischemic Duration 
and a Time Course 
for Behavioral 
Testing 


models of cerebral ischemia (14-16) and may therefore ultimately 
necessitate longer durations of ischemia and a greater number of 
animals to achieve appropriate statistical power. 


Focal cerebral ischemia models are appropriate for studying 
sensory-motor, cognitive, and affective behaviors. In general, 
longer durations of focal ischemia and earlier testing time points 
should be used for assessing gross motor deficits because rodents 
are adept at recovering basic skills within days or weeks of stroke. 
In contrast, persistent effects on fine motor control, such as 
skilled reaching, can be observed for several months following 
stroke (17). Cognitive and affective deficits are also persistent for 
weeks to months after stroke. If the goal is to study cognitive 
function or another complex behavior, the investigator should 
choose (1) a short duration (30-60 min) of transient middle 
cerebral artery occlusion (MCAO) and (2) a post-surgical recov- 
ery period that is sufficiently long to allow full sensory-motor 
recovery prior to initiating additional testing. Delaying com- 
plex testing until ischemia-induced sensory-motor deficits are no 
longer detected will minimize the possibility that sensory-motor 
deficits will become a confounding factor in the interpretation of 
data from cognitive and affective tasks. In contrast to stroke, the 
duration of CA/CPR is not typically altered from study to study 
because the only major sensory-motor change is hyperactivity, and 
this typically resolves within 4-5 days after CA/CPR. 

Choosing when and how often to conduct behavioral test- 
ing will depend on the goals and expected length of the exper- 
iment. Baseline testing is beneficial because it allows statistical 
analyses within animal as well as across groups, and it is a par- 
ticularly important time point when the mice are pre-treated with 
a drug or manipulation that could have effects on behavior that 
are independent of its effects on ischemia. The frequency of test- 
ing mice after ischemia should be determined based on the dura- 
tion of the study and the likelihood that repeated testing will 
obscure the behavioral results. For example, in order for mice 
to perform well consistently, water maze training may require 
as many as three trials per day for approximately 10 consecu- 
tive days. In contrast, certain other tasks, such as the open field 
and elevated plus maze, require environmental novelty, and the 
data can be obscured by repeated testing because the apparatus 
becomes familiar to the mouse and no longer evokes anxiety. Ifa 
cohort of mice is to be tested using multiple tasks that are likely to 
evoke the same low level of stress or anxiety, the presentation of 
tasks should be counterbalanced. In contrast, if the tasks are inva- 
sive or potentially stress-provoking, such as passive avoidance, the 
tasks should be presented in a consistent sequence from least to 
most stress-provoking or should be conducted in separate cohorts 
of mice. 


3. Focal Cerebral 
Ischemia 
and Stroke 


3.1. Clinical 
Connections 


3.2. Methods 
and Models 
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Stroke is the leading cause of serious long-term disability in the 
United States. Estimates suggest that approximately 15-30% of 
stroke survivors are permanently disabled. Although advancing 
age is clearly related to stroke incidence, it must be emphasized 
that stroke also occurs in the newborn and pediatric populations. 
Because approximately 25% of stroke victims are under the age of 
65 years, large economic costs are associated with the disease and 
its consequent disability. Stroke survivors are routinely assessed 
for acute severity of stroke through neurological deficit as well 
as imaging modalities. During recovery, the level of disability and 
potential for recovery are frequently assessed as means of assessing 
long-term prognosis and effects of therapy. In general, functional 
recovery reaches a maximum level by approximately 3-6 months 
post-stroke onset, and a number of studies suggest that there is 
little further recovery beyond this point. Many patients reach their 
maximum functional return to activities of daily living within 6 
weeks of onset. Accordingly, steady functional re-assessment is an 
active part of the survivor’s treatment plan during this period. 

Notably, phase III clinical trials also use disability and neuro- 
logical deficit scales as primary outcomes. The most commonly 
used outcomes scales are the NIH Stroke Scale, modified Rankin 
Scale, and the Barthel Index. These scales cover a wide range of 
disabilities: motor control difficulties ranging from paralysis to 
varying types of incoordination; sensory loss or pain; language 
disturbances involving comprehension or speech execution; emo- 
tional distress such as depression; and memory and learning dis- 
orders (for recent review, see 18). Clearly, some of these variables 
can be recapitulated in experimental animal studies, and this is 
one basis for conducting functional assessment over the recovery 
period of animal survivors. 


The most frequently used animal model to study focal cerebral 
ischemia is the middle cerebral artery occlusion (MCAO) model. 
Several different MCAO methods/models have been developed, 
resulting in either temporary or permanent loss of perfusion to 
the middle cerebral artery (MCA). These MCAO models have 
been extensively used because all result in significant reduction of 
cerebral blood flow (CBF) to both the striatum and cortex, mak- 
ing them a reasonable model of human thrombo-embolic stroke. 
The most common method for inducing focal cerebral ischemia 
uses an intraluminal filament to occlude the MCA (19, 20). A 
nylon suture is inserted into the internal carotid artery of mice 
or rats and advanced until the MCA is blocked, as determined 
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3.3. Behavioral 
Outcome 
Assessment — 
Methods 


by laser Doppler flowmetry. Reperfusion occurs when the suture 
is removed, making this a very convenient method for inducing 
temporary focal ischemia. This method is well suited for neurobe- 
havioral assessment studies since the filament can be removed 
after varying times of occlusion to alter severity and long-term 
outcome. 

Details of the intraluminal filament method are described as 
follows: Anesthesia is induced with 3% isoflurane and maintained 
at 1-1.5%. A temperature probe is inserted into the left tempo- 
ralis muscle, and head temperature is maintained at 35.5-37.5°C 
throughout surgery with water pads. A small laser Doppler probe 
is affixed to the skull to monitor cortical perfusion and to verify 
vascular occlusion and reperfusion. An incision is made to expose 
the external carotid artery, and a nylon monofilament with a 
silicone-coated tip is inserted into the right internal carotid artery 
via the external carotid artery until the laser Doppler flowmetry 
value drops to <20% of baseline. After securing the filament in 
place, the surgical site is closed with Vicryl sutures. Each mouse 
is then placed in a separate cage with a warm water pad under 
the cage for 60-120 min. Mice are re-anesthetized, and the laser 
Doppler probe is re-positioned over the same site on the skull. 
Then, the occluding filament is withdrawn for reperfusion. In the 
sham MCAO animal group, external and internal carotid arter- 
ies are located but not disturbed. Sham-operated animals are 
important surgical controls in behavioral studies because anes- 
thetic exposure and the potential stress or pain associated with 
all surgeries can affect behavior. 


Using mice in neurobehavioral experiments after exposure to 
cerebral ischemia creates some unique complications that must be 
considered in order to generate high quality, interpretable data. 
Cerebral ischemia not only causes a core of neuronal death in the 
striatum and cortex, but it also results in widespread neuroinflam- 
mation and peripheral immune responses that can substantially 
alter behavior and compromise the health of the animals; the sur- 
vival rate is generally 80-90%. Therefore, a strategy for replac- 
ing animals that die prematurely is critical. The simplest approach 
to this problem is a double-blind randomized study design with 
targeted replacement whereby a separate researcher who is not 
involved in the surgery or behavioral assessment randomly assigns 
mice to treatment groups and randomly inserts replacement ani- 
mals as mice drop out due to mortality, maintaining approxi- 
mately uniform group sizes of 10-15 animals. In addition to stan- 
dard post-operative care, such as maintaining hydration and body 
temperature, the general health of the animals must be moni- 
tored regularly using a neuroscore (see below). Sufficient recovery 
is critical in order to engage the animals in cognitive tasks that 
measure more subtle behavioral deficits such as memory, anxiety, 


3.3.1. Sensorimotor 
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and affective function. To maximize the use of experimental ani- 
mals, a small battery of neurobehavioral tasks is recommended for 
each mouse. Described below are selected neurobehavioral tests 
that have proved to be consistent across experimental rodent focal 
cerebral ischemia studies in our laboratories (17, 21, 22). In addi- 
tion, we will describe the Morris water maze task because it is 
a subtle learning and memory task commonly used in ischemia 
studies. 

Timeline for behavioral testing in MCAO mice: Behavioral 
and functional tests are performed in the same order on all 
mice undergoing MCAO or sham MCAO. Tests are admin- 
istered in the order of least to most stress-provoking so that 
the outcome of later tests will not be skewed. Each mouse is 
handled and weighed daily in the lab throughout the testing 
period. The testing schedule before and after MCAO is shown in 
Fig. 12.1. Baseline performance is assessed using the open field 
(OF) and paw preference (cylinder) tests (PPT) on Day 1, imme- 
diately preceding experimental brain injury (MCAO). A combina- 
tion of behavioral tasks is chosen to assess overall general health 
(neuroscore), sensory-motor impairment (open field), forelimb 
asymmetry (paw preference or cylinder test), and cognitive func- 
tion (novel object recognition, passive /active avoidance) during 
the 9-day reperfusion period. Specifically, a neuroscore (NS) is 
performed on Days 1 and 3 after MCAO. PPT is repeated on 
Days 3 and 7 following MCAO, and OF is performed again on 
Day 5. The novel object recognition test (ORT) is performed on 
Days 6 and 7; and finally, passive avoidance (PA) is performed on 
Days 8 and 9 of the reperfusion period. 


Experimental Timeline For 
Focal Cerebral Ischemia 


MCAO - 10 day experiment 
Day-1 0 1 2 3 4 5 6 7 8 9 
se S ee a ee S 
Pretest MCAO NS PPT OF ORT ORT PA PA 
OF NS PPT pre post 


PPT 


Fig. 12.1. Representative behavioral testing schedule for MCAO experiment. NS, neu- 
roscore; OF, open field; PPT, paw preference; ORT, object recognition; PA, passive avoid- 
ance. 


Neuroscore: The neuroscore described here for behavioral experi- 
ments is somewhat more thorough than other neuroscore meth- 
ods described in the literature and used in combination with 
standard histology outcomes (23). The neuroscore covers nine 


316 


Herson et al. 


measures of recovery: consciousness, interaction, grooming (eye 
appearance), respiratory rate, food intake, forelimb strength (abil- 
ity to grab and hold onto wire cage top), nest building, motor 
function (standing and walking without leaning or circling), and 
general activity level. Each of these factors is assigned a different 
scale ranging from 0 to 3-5, depending on the factor; a maximum 
score is 23. 

The mice are tested for latency to move (see below), weighed, 
and given subcutaneous fluids as part of the neuroscore testing. 
Neuroscore is performed on Days l and 3 post-operatively, but 
mice are weighed and given fresh food and fluids daily. Food 
intake is measured using a dish with a food pellet mixed into mush 
with water daily. 

e Outcomes: A control healthy mouse will score 0, while a 
more impaired animal will score higher. Mice recover well 
from MCAO and generally by Day 4 or 5 have returned 
to a normal neuroscore value (<4). Since the animals are 
being compared to normal via first-hand observation, it is 
important that the tester has extensive experience including 
proficient handling skills with both healthy and impaired ani- 
mals. Our experience is that statistically significant differences 
in neuroscores across treatment groups are not commonly 
observed. However, differences are often revealed with more 
subtle behavioral tasks described here. Nonetheless, perform- 
ing the neuroscore is important in order to observe gross 
general health changes and to help habituate the mice to 
handling by the tester. 

Latency to move: The latency to move test measures how quickly 
an animal moves one body length when placed in an open area. 
Exposure to the open is stressful to a mouse, and the normal 
response is to freeze for a few seconds to assess immediate danger 
and then move to a more protected area (near a wall or crevice). 
The latency to move test is performed on an open countertop 
approximately 2 feet square that is designated for this test only. 
A circle with a radius of 12 cm is drawn in the center of the 
countertop. The animal is placed by gently sliding it out of the 
container used to weigh the animals into the center of the circle. 
Every animal is placed facing the same direction. The animal is 
timed manually with a stopwatch to measure how long it takes 
for it to move out of the circle; timing is stopped when all four 
feet have left the circle. The maximum latency is 60 s. The area is 
fully cleaned with 70% ethanol after every animal to remove scent 
trails, which can affect this behavior. 

e Outcomes: Latency to move in a healthy mouse is roughly 
5-10 s. MCAO-injured animals have higher latencies due 
to apathy or physical inability. Significant improvement 
(decrease) in latency to move is commonly observed between 
Days 1 and 3 after MCAO. 
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Paw preference: Forelimb bias is tested using the paw preference or 
cylinder test. Focal ischemia generates unilateral damage, result- 
ing in decreased use of the forelimb on the contralateral side to 
the injury. To track recovery throughout a longer period, this 
test is performed at Days 3 and 7. Animals are pre-tested on Day 
l to identify any naturally occurring “handedness.” An animal is 
placed in an upright, clear, plastic cylinder with a diameter approx- 
imately equal to the length of the animal’s body. (The restricted 
space encourages the animal to rear up to explore the cylinder 
but still gives the animal enough room to turn around freely.) 
The cylinder sits inside a white plastic box that is similar to the 
open field test. This blocks out the tester’s movement and pro- 
vides a familiar environment. Four video cameras are positioned 
within the box so that all four directions are visualized simultane- 
ously (Fig. 12.2). The video is analyzed in slow motion to ensure 
accuracy. Only the initial touch is counted each time the mouse 
rears. A new touch will not be counted until the animal “resets” 
by returning all four limbs to the floor. If the animal touches the 
cylinder simultaneously with both forepaws, a count of “both” is 
entered. The first 20 rears are recorded for each trial. 


Paw Preference 


Fig. 12.2. Paw preference apparatus. 


Outcomes: The final score is generally calculated as percent usage 
of the non-impaired limb. The advantage of this task is that it is 
sensitive enough to measure impairment at multiple time points 
for up to 2-3 weeks post-MCAO. However, caution should be 
taken because over time the mouse may become habituated to 
the cylinder and stop exploring and rearing. Testing during the 
dark cycle, when mice are naturally more active, may encourage 
more rearing behavior. The floor and cylinder are cleaned with 
70% ethanol after each trial. 
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3.3.2. Cognitive 


Open field: The open field test is a robust measure of recov- 
ery, assessing both anxiety/exploration behavior and recovery 
of spontaneous locomotor activity. Each animal is tested 1 day 
before injury and on Day 5 after injury in order to make a direct 
paired comparison of how the animal has recovered with respect 
to its prior mobility and willingness to explore. The mouse is 
placed in a white plastic box measuring 20.5 cm x 20.5 cm x 
20.5 cm. An overhead camera records the animal’s movement in 
four open fields simultaneously. The video is analyzed for average 
velocity and total distance moved and can also be analyzed for 
percent time spent near outer walls, as a measure of anxiety. The 
duration of each trial is 30 min. For all open field trials, each ani- 
mal is placed in the same box that was used for its original trial to 
negate any slight differences in lighting or orientation. Each field 
is cleaned with 70% ethanol after each trial. 

e Outcomes: All animals should have recovered sufficiently by 
Day 5 to have equivalent exploration and velocity compared 
to their baseline scores. If an animal exhibits significantly 
impaired activity/movement, it will be excluded from all 
future behavioral testing. The open field task has the added 
benefit of habituating mice to the field that is also used for 
novel object recognition. 


Novel object recognition: The novel object recognition test is 
designed to assess hippocampal and cortical damage affecting 
memory. The test field is a box identical to the one used in the 
open field test except for two identical objects (e.g., padlock) 
placed in opposite corners, 1” away from the walls so that the ani- 
mals can move fully around them. Objects are chosen in advance 
to have irregular shapes or defects to appear more interesting and 
to be approximately the same size and of equal interest to the 
animals. Objects used frequently are a Masterlock padlock and a 
plastic clamp, each approximately 1.5” long. On Day 6 (acqui- 
sition/training), the mouse is allowed to explore two identical 
objects. The trial is stopped when the total exploration time is 38 
s, with 10 min maximum duration. Exploration time is measured 
with two stopwatches (one dedicated to each object), and video 
is recorded for confirmatory analysis off-line. On Day 7 (test), a 
novel object (e.g., 1 padlock replaced with plastic clamp) replaces 
the object the animal spent the least time exploring during acqui- 
sition. Time spent exploring the familiar versus novel object is 
recorded during a 5-min test. 

e Outcomes: The percent of time spent exploring the new 
object during the 5-min test trial is used as the final out- 
come. Healthy animals with intact memory spend approx- 
imately 70% of the time exploring the novel object during 
the test trial. In contrast, injured animals spend significantly 
less time exploring the novel object, indicative of impaired 
memory. If an animal does not explore for the required 38 s 
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during the training trial or 16 s during the test trial, then that 
animal is excluded from the test data. 
Passive avoidance: The passive avoidance test is performed on 
Days 8 and 9 post-injury and is used to assess cognitive func- 
tion by linking a punishment (short 2-mA shock to the paws) 
with moving to a preferred environment (dark chamber) dur- 
ing an acquisition /training period. The passive avoidance appara- 
tus (Gemini Avoidance System, SD Instruments) consists of two 
chambers separated by an automated door. At the start of the 
acquisition period, both chambers are dark; the animal is placed 
in the right-hand chamber, and the door is closed. After a 10-s 
habituation, an overhead light turns on, and the door between 
the chambers opens. When the animal moves into the dark left- 
hand chamber, the door closes, and a 2-mA shock is delivered. 
Ten seconds after the shock is delivered, the animal is removed 
from the apparatus. Twenty-four hours later, the same protocol is 
repeated to measure retention of the negative association. 
© Outcomes: After experiencing a single shock exposure in the 
dark chamber during the acquisition period, a fully healthy 
mouse will stay in the non-preferred environment (light 
chamber) until the maximum latency of 5 min is reached dur- 
ing the test trial 24 h later. Injured animals will enter the dark 
chamber again on the Day 2, ending the test with their laten- 
cies recorded. Animals that do not enter the dark chamber 
within 40 s on the acquisition day are removed from the test. 


Post-stroke anxiety and depression are common in humans and 
can be demonstrated in rodents (24, 25). The two most com- 
monly used tasks for assessing anxiety-like behavior after focal 
cerebral ischemia are the elevated plus maze (EPM) and the open 
field (OF) test. Both tasks require that the mice are fully mobile 
and have recovered any gross motor deficits that emerged follow- 
ing stroke. 

Elevated plus maze: The EPM apparatus is raised approximately 
a meter above the floor and consists of two open arms (with- 
out walls) and two closed arms arranged in a “+” orienta- 
tion. The maze is brightly lit to increase contrast between the 
open and closed arms. All four arms of the maze should be 
approximately 65 cm long and 5 cm wide. The walls around the 
closed arms should be approximately 15 cm high. The mouse is 
placed in the center of the apparatus facing an open arm, and 
the following measures are recorded: latency to enter arms, dura- 
tion of time spent in closed and open arms, and frequency of arm 
entries. The total number of fecal boli excreted during the 5-min 
test is also recorded. 

e Outcomes: A significant decrease in the percentage of open 
arm entries (open arm entries/total arm entries) is indica- 
tive of increased anxiety. The rationale is that anxious mice 
will prefer the relative safety of the dark enclosed arms to 
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the bright open arms. A minimum of six arm entries are nec- 
essary for the task to be valid, and significant group differ- 
ences in the total number of arm entries raise the concern 
that group differences in general locomotor activity could 
be a confounding factor in interpreting the EPM data as an 
index of anxiety-like behavior. An increase in the latency to 
enter an open arm and an increase in the number of fecal 
boli expressed can also be indicative of anxiety but tend 
to be less robust measures than percent open arm entries. 
Also, increased rearing in the enclosed arms is indicative of 
increased exploratory behavior. 
Open field: In the open field test, anxiety-like behavior is assessed 
by comparing the amount of activity that occurs at the periphery 
versus the 100-sq cm zone in the middle of the apparatus. The 
open field apparatus is 40 cm x 40 cm x 38 cm (l x w x h) 
and consists of a sound-attenuating chamber with a light and a 
fan; movement of the mouse within the apparatus is recorded 
via a digital camera and computer. The bottom of the cham- 
ber is covered with clean bedding that is different in texture 
from the bedding used in the mouse’s home cage. The mouse 
is placed in the center of the open field chamber at the begin- 
ning of the 5-min test. When the test is complete, the bedding is 
discarded, and all surfaces of the apparatus are cleaned with 70% 
ethanol. 

e Outcomes: Decreased percentage of activity in the cen- 
ter of the apparatus (center activity/total activity) indicates 
increased anxiety-like behavior; the rationale is that anxious 
rodents avoid such open spaces. 


The three most common tests used to measure depressive-like 
behavior after focal cerebral ischemia are the sucrose consumption 
test, the Porsolt swim test, and the tail suspension test. 


Sucrose consumption test: The sucrose consumption test is based 
on the observation that rodents find sweet liquids, such as sucrose 
solutions, rewarding and will drink them preferentially when 
offered a choice between water and a sucrose solution. A decrease 
in preference for sucrose is interpreted as anhedonia, a decreased 
sensitivity to reward. Anhedonia is a core symptom of depression 
and can be effectively evaluated in rodents. 

For this test, the mice must be housed individually. The first 
step is to familiarize the mice with the water bottles and sucrose 
solution. The mice should receive all of their water via water bot- 
tles beginning 2 weeks prior to stroke. (Be careful to monitor the 
mice for dehydration if they have been raised on an automatic 
watering system). One week prior to stroke, remove all water 
from the cage for the last 6 h of the light cycle. Then, at the 
onset of the dark cycle, place a bottle containing a pre-measured 
amount of water and a bottle containing a pre-measured amount 
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of 3% sucrose in the cage. At the end of the first 6 h of the dark 
cycle, remove the bottles and record the amounts of water and 
sucrose that were consumed. Repeat this protocol the follow- 
ing night, and calculate the mean water and sucrose consump- 
tion for these two nights to determine baseline consumption 
volumes for each liquid. Following stroke, continue to monitor 
water consumption. When water consumption has returned to 
baseline levels, the post-ischemic component of the sucrose con- 
sumption test should be initiated using the same protocol as at 
baseline. 
© Outcomes: In our experience, mice have a 2:1 preference for 
sucrose solution over water prior to stroke and no preference 
for sucrose after stroke. One precaution is to rule out drug 
effects on taste perception in mice treated with a drug during 
the sucrose consumption test. 


The Porsolt forced swim test and the tail suspension test 
have similar rationales for measuring depressive-like behavior. The 
swim test assesses persistence of swimming, and the tail suspen- 
sion test assesses persistence of struggling when the potential for 
escape is absent. Mice exhibiting depressive-like behavior are sig- 
nificantly more passive, i.e., floating rather than swimming or 
hanging rather than attempting to twist loose. 


Porsolt swim test: This test requires pre-exposure to the task 1 
week prior to stroke. The mouse is placed into an opaque cylin- 
der tank measuring 24 cm in diameter and 53 cm high and filled 
to a depth of 30 cm with water maintained at 29+1°C. The pre- 
stroke swim lasts 5 min, and the post-stroke swim lasts 3 min. The 
mice are scored for time spent actively swimming versus float- 
ing, i.e., no leg or tail movement that contributes to forward 
motion. The post-stroke swim test should not be conducted until 
the mice are fully alert and mobile. (Testing on post-surgical Day 
7 has worked well for us.) Lethargy and motor deficits that ham- 
per swimming are potential confounding factors and should be 
monitored closely during the recovery period prior to swim test- 
ing. Mice are excellent swimmers, even after stroke, if allowed 
sufficient recovery time. Unlike some strains of rats, mice do not 
typically dive under water, therefore, if they appear to be strug- 
gling or dipping below the surface of the water, remove them 
immediately to prevent possible drowning and re-assess the length 
of ischemia and the timing of the task post-surgically. After testing 
each animal, the water must be changed and the tank thoroughly 
cleaned with 70% ethanol prior to refilling. 
e Outcomes: An increase in time spent floating compared to 
swimming is suggestive of increased depressive-like behavior. 


Tail suspension test. Although it is not as commonly used as the 
Porsolt swim test for assessing depressive-like behavior, the tail 
suspension test has several advantages: (1) it does not require 
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special equipment, (2) it is not confounded by mild motor 
deficits, and (3) it can be performed soon after ischemia. To per- 
form this test, hang a mouse by its tail for 5 min and record the 
amount of time it spends immobile versus struggling (includes 
passive swinging). 
e Outcomes. An increase in immobility is suggestive of 
increased depressive-like behavior. 


4. Global 
Cerebral Ischemia 
Due to Cardiac 
Arrest/CPR 


4.1. Clinical 
Connection 


4.2. CA/CPR Model - 
Methods 


Each year in the United States, approximately 500,000 people 
suffer from cardiac arrest (CA) with many receiving cardiopul- 
monary resuscitation (CPR). Despite intense research over the 
past few decades, survival and neurological outcome remain poor. 
Only a small percentage ofall patients who experience CA are suc- 
cessfully resuscitated and return to productive lives (<5%). Cogni- 
tive impairment is very common after CA, and it is estimated that 
40-75% of all survivors suffer from some form of cognitive deficit 
(for reviews see 26, 27). The most common deficit is impaired 
short-term and long-term memory, followed by attention and 
executive functioning deficits. Recent advances in resuscitation 
techniques and response times have dramatically improved the 
success rate of resuscitation but have simultaneously increased the 
number of patients with debilitating long-term cognitive deficits. 
During CA, the brain temporarily loses its blood supply, lead- 
ing to hypoxic/ischemic brain injury. The high prevalence of 
cognitive impairment is consistent with ischemic brain injury. 
Interestingly, the rate of return to spontaneous circulation is dra- 
matically greater (~30%) than the rate of survival and hospital dis- 
charge (5-10%). This post-resuscitation loss of life is attributed to 
failure of the central nervous system to recover. If ischemic brain 
damage during CA could be prevented, survival may increase sig- 
nificantly. Therefore, basic science research aimed at protecting 
the brain following CA-induced ischemia is of great importance 
and has the potential of increasing survival and quality of life for 
many people. 


The most frequently used animal model to study global cere- 
bral ischemia induced by cardiac arrest is ventricular fibrillation 
followed by CPR in the dog. The pig has also been frequently 
used (for review see 28). These CA/CPR models in large ani- 
mals are powerful in their ability to mimic the clinical condition; 
however, using large animals is labor intensive and expensive, and 


Evaluating Behavioral Outcomes from Ischemic Brain Injury 323 


there are no well-characterized behavioral tests for assessing func- 
tional recovery in these species. In contrast, the mouse model of 
CA/CPR has many advantages — most importantly, the availabil- 
ity of transgenic and knockout strains and well-described behav- 
ioral tests. 

To study the neurological effects of global ischemia in 
mice without damaging peripheral organs, a variety of alterna- 
tive global cerebral ischemia models have been used that pro- 
duce forebrain cerebral ischemia without affecting whole body 
circulation, i.e., 2-vessel and 4-vessel occlusion with or with- 
out hypotension. Recently, our group developed and character- 
ized a new mouse model of CA/CPR that uses KCl to stop 
the heart and complete CPR methods to resuscitate, includ- 
ing chest compressions, ventilation, and epinephrine (29). This 
model exhibits many of the hallmarks of CA/CPR in humans, 
including histopathological damage to sensitive neuronal popula- 
tions, cognitive deficits, and affective deficits, making it a valuable 
animal model to study the consequences of CA/CPR. 

The details of this method are as follows: Anesthesia is 
induced with 3% isoflurane and maintained at 1-1.5%. Temper- 
ature probes are inserted into the left temporalis muscle and rec- 
tum. A catheter is inserted into the right internal jugular vein 
for drug administration. The animal is endotracheally intubated 
with a 22-ga IV catheter and connected to a mouse ventilator. 
EKG leads are connected. Cardiac arrest is induced by inject- 
ing 70 uL cold 0.5 M KCI via the jugular catheter. Cardiac 
arrest is confirmed by a flatline EKG. During CA, the head 
temperature is maintained at 37—-38°C using a water-filled coil. 
The animal’s body temperature may be cooled to 28—32°C dur- 
ing CA to induce peripheral hypothermia and protect peripheral 
organs from ischemic damage. CPR is initiated 8-10 min after 
arrest by injecting 16 g/mL epinephrine, administering chest 
compressions (300/min), and ventilating with 100% oxygen. If 
return of spontaneous circulation is not achieved within 2.5 min 
of initiating CPR, resuscitation efforts are abandoned. 

The surgical preparations, anesthetic exposure, and temper- 
ature modulation described above are similar for sham-operated 
animals, except that sham animals receive an injection of 0.5 uL 
isotonic saline instead of KCI and 0.5 mL isotonic saline instead 
of epinephrine. The sham animals do not experience CA/CPR 
and are not exposed to ischemia, epinephrine, or chest compres- 
sions. It has been determined that decreasing brain temperature 
to 27°C during the sham procedure does not affect physiolog- 
ical, histological, or behavioral outcomes (9). However, during 
the procedure, the brain temperature of half of the sham ani- 
mals in each experimental group is maintained at 37—38°C, while 
the brain temperature of the other half is maintained at 28—32°C 
in order to mimic temperature control in experimental animals. 
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4.3. Behavioral 
Outcome 
Assessment — 
Methods 


4.3.1. Sensory-motor 


4.3.2. Cognitive 


Assuming no statistical differences, the two sham groups are col- 
lapsed into one sham group for statistical analysis. 


Many of the behavioral tests used with the cardiac arrest model are 
used in the MCAO model. Post-operatively, CA/CPR animals are 
kept on a warming blanket for 24 h; otherwise, post-injury care is 
identical. Some behavioral issues are unique to CA/CPR-injured 
animals and can influence the interpretation of the data obtained 
from the same tests used following MCAO. Cardiac arrest is a 
major insult with a mortality rate 20-40% greater than the 45-60- 
min MCAO model used to assess behavioral outcomes following 
focal cerebral ischemia. Again, a double-blind, randomized study 
design with targeted replacement is optimal. 


Extensive sensory-motor deficits are common after stroke due to 
concentrated neuronal damage in the cortex and striatum but are 
less common after cardiac arrest because damage is limited pri- 
marily to the hippocampus. Indeed, during the first 4-5 days of 
recovery from CA/CPR, mice are hyperactive. The increase in 
locomotor activity likely reflects transient changes in glutamate 
transmission. It is important to allow enough time for locomotor 
activity to return to baseline levels before engaging in complex 
behavioral testing. Therefore, we perform neuroscore and open 
field (as described above) to assess recovery. 


The hippocampus is a crucial region of the brain for performing 
spatial tasks, which makes the Morris water maze (MWM) an out- 
standing measure of cognitive performance after CA/CPR. The 
tank measures 1 m in diameter and is filled with opaque, white 
water that is maintained at 27°C. A platform is submerged 0.5 cm 
beneath the water surface. Each animal undergoes a single habit- 
uation trial (60 s) on the first day of testing with the platform 
removed. Beginning on the following day, each mouse undergoes 
a hidden platform acquisition trial 3 times a day for 10 days. For 
each trial, the mouse is placed in the pool at one of the four start 
positions around the edge of the pool and allowed to swim to the 
hidden platform. If the mouse does not find the platform after 
60 s, the tester places it on the platform. After the tenth acqui- 
sition day, the platform is moved to a new location in a different 
quadrant of the pool (reversal training). For four additional days 
of training, 3 trials/day are conducted to determine how read- 
ily each mouse learns the new platform location. At the end of 
the acquisition training trials, a 30-s probe trial, for which the 
platform is removed, is conducted every other day. Time spent 
and distance traveled in the goal quadrant that normally contains 
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Morris Water Maze 


Trial 30 


Probe 


Trial 1 


Fig. 12.3. On the first trial of the MWM, mice explore the entire tank searching for 
the hidden platform (the white line represents the path the mouse swam and the black 
circle represents the hidden platform). After 10 days of 3 trials/day, the typical mouse 
has learned the location of the platform and can swim directly to it from any place in 
the tank (Trial 30). During the probe task the platform is removed, and if the mouse has 
learned the location of the platform it will continue to swim overtop of the platform’s 
previous location, as indicated in the right-hand figure (Probe). The filled black circle 
indicated the location of the platform. The other four circles are suggested locations for 
moving the platform during reversal testing and are not used in analysis of water maze 
data when the platform is located at a different point. 


the platform are compared to the opposite quadrant. Figure 12.3 
illustrates a representative Morris water maze experiment per- 
formed on a control mouse. On the last day of water maze testing, 
a platform that is visible above the water surface is placed in a pre- 
viously unused quadrant to assess gross visual ability and motiva- 
tion to escape the water. Throughout the Morris water maze test, 
tracking software (HVS Image, San Diego, USA) is used to deter- 
mine latency to reach the platform, distance swum, and mean 
swim speed for each trial. Because of the size of the MWM tank, 
it is not feasible to use new water with each trial, but the water’s 
surface should be skimmed to remove any debris and the water 
mixed to disrupt any scent trails between each trial. Be sure that 
the surface is calm before starting each trial. Both novel object 
recognition and passive avoidance tasks described above are also 
suitable for assessing cognitive performance following CA/CPR. 


Patients surviving cardiac arrest often report depression, anxiety, 
and social isolation. These changes in affective behaviors have also 
been documented in mice after CA/CPR (9). The same tests that 
assess affective changes following stroke, i.e., the elevated plus 
maze, open field, Porsolt swim test, and sucrose consumption 
(described above), can be used following CA/CPR but not until 
the hyperactivity has resolved. However, the tail suspension task 
is not recommended following CA/CPR because the mice tend 
to be more aggressive and will bite the tester, and their tails are 
more fragile. 
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5. Conclusions 


Brain injury arising from focal or global ischemia remains a sig- 
nificant clinical problem. Furthermore, treatments for ischemic 
injury that have proved effective at the bench have also failed to 
translate well to patients. One key reason for translational failure 
is that many experiments fail to test functional efficacy of candi- 
date treatments in animal models or do not use well-constructed, 
behavioral paradigms. Key aspects to enhance behavioral assess- 
ment in mouse models include consideration of natural mouse 
characteristics, proper attention to genetic strain, age, and sex 
effects, elimination of housing and breeding-related confound- 
ing variables, exquisite control of the testing environment, and 


selection of tests that are feasible for recovering animals. 
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Chapter 13 


A Comparative Analysis of Cellular Morphological 
Differentiation Within the Cerebral Cortex Using 
Diffusion Tensor Imaging 


Lindsey A. Leigland and Christopher D. Kroenke 


Abstract 


Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that provides 
information about cellular microstructure through measurements of water diffusion. Because inferences 
about neuroanatomy can be made from DTI, this methodology has been used to characterize cellu- 
lar morphological changes associated with development of the cerebral cortex. Currently, however, the 
specific anatomical changes associated with DTI measurements directed at the cerebral cortex are incom- 
pletely characterized. Here, data collected in several laboratories, investigating five species (mouse, rat, 
ferret, baboon, and human), are compared to determine whether similarities in the trajectory of DTI mea- 
surements with development exist in the literature. Specifically, rates of change in fractional anisotropy 
(FA) of water diffusion were compared to rates of neuroanatomical development (based on the occur- 
rence of specific neural events) in each species. In all species, decreases in FA with development were 
accurately approximated by fitting data to the same mathematical expression of exponential decay. Addi- 
tionally, a high degree of correlation was found between rates of FA decay and rates of neuroanatomical 
development. This suggests that a common mechanism underlies decreases in FA with development 
across species. These results have two major implications. The ability of DTI to detect changes in neu- 
roanatomy in the normal developing cerebral cortex introduces the potential for the use of this methodol- 
ogy in detecting cortical abnormalities associated with various developmental disorders. Additionally, the 
comparable patterns of neurodevelopment, and hence FA, across species imply that DTI methodology 
applied in non-human species can provide information about the human condition. 


1. Introduction 


Magnetic resonance imaging (MRI) is a non-invasive imaging 
technique that holds much potential for investigating brain dis- 
orders and brain development. A subclass of MRI experiments 
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collectively termed diffusion tensor imaging (DTT) is particularly 
well suited to study the cellular-level bases of tissue changes asso- 
ciated with development and pathology. In DTI experiments, 
the image intensity recorded by MRI is rendered sensitive to 
diffusion-mediated displacement of water molecules over dis- 
tances of approximately 10 um in the tissue under study (1, 2). 
These measurements are extremely powerful because biological 
membranes impede water displacement due to diffusion (3), and 
thus the cellular-scale structure of tissue is reflected in water dif- 
fusion measurements. In tissue that is highly ordered on the cel- 
lular scale, water diffusion exhibits a directional dependence (4). 
Directional dependence in molecular diffusion is termed diffusion 
anisotropy and is most frequently measured within the context of 
MRI through application of the diffusion tensor formalism (5-7). 
The extent of diffusion anisotropy reflects the degree of cellular- 
scale order in tissue and is frequently quantified in terms of frac- 
tional anisotropy (FA), a parameter that ranges from 0 (isotropic 
diffusion, unstructured tissue) to 1 (extremely anisotropic diffu- 
sion, well-ordered tissue). 

Several recent studies of brain development have provided 
evidence that DTI strategies are of potential utility for charac- 
terizing the development of the cerebral cortex. Water diffusion 
anisotropy decreases with maturation of the cerebral cortex, and 
it is believed that the observed changes in diffusion anisotropy 
reflect cellular morphological changes relevant to cortical devel- 
opment. In the immature state, at a time when cortical FA is 
high, neurons are undifferentiated and highly radially oriented 
(8, 9); subsequently, neurons undergo morphological differentia- 
tion, and it has been found that this event in cortical development 
is temporally associated with a decrease in diffusion anisotropy 
(10, 11). 

Significant diffusion anisotropy in the immature cerebral cor- 
tex was first observed in studies of cats (12) and pigs (13). More 
recently, such measurements have been extended to several other 
species including humans. However, a systematic comparison of 
the rate of FA changes has yet to be referenced to species-specific 
rates of brain development, estimated in comparative analyses of 
timing of developmental events (14-16). A comparison of DTI 
studies to independent studies of neuroanatomical development 
could therefore provide support that a common underlying devel- 
opmental process gives rise to patterns observed in DTI measure- 
ments. DTI-based studies of cortical development are reviewed 
in the following sections, and methodological issues associated 
with differences in acquisition and analysis procedures among lab- 
oratories are discussed. To obtain independent experimental con- 
firmation that changes in cortical diffusion anisotropy occur at 
a rate that is consistent with the rate of morphological differ- 
entiation of the cerebral cortex across species, the comparative 
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DTI data reviewed here are referenced to species-specific rates of 
brain development estimated from comparative analyses of devel- 
opmental event timings reported in classical anatomical studies 
(14-16). 


2. The 
Phenomenon of 
Anisotropic Water 
Diffusion Within 
the Developing 
Cerebral Cortex 


2.1. Water Diffusion 
Is Anisotropic Within 
Immature Cortical 
Gray Matter 


2.2. Temporal, 
Laminar, and 
Regional Patterns in 
the Loss of Cortical 
Diffusion Anisotropy 
with Development 
Coincide with 
Morphological 
Differentiation of 
Neurons 


Immediately following migration of pyramidal neurons from ven- 
tricular zones of the forebrain to the cortical plate, neurons 
exhibit simple morphology characterized by elongated cell somas 
and undifferentiated, radially oriented apical dendrites (9, 17). As 
the cerebral cortex matures, obliquely oriented collaterals of api- 
cal dendrites, basilar dendrites, and axons arborize to provide a 
scaffold for the formation of functional synapses (18). Changes in 
water diffusion anisotropy take place along with these cellular- 
level morphological transformations. In the immature cortex, 
preferential restriction of diffusion in directions parallel to the 
pial surface and relative lack of restriction in directions parallel 
to apical dendrites of pyramidal neurons (10-13, 19) are thought 
to be the primary causes of the prominent diffusion anisotropy 
seen at this time. As morphological differentiation occurs within 
the developing cerebral cortex, cortical FA decreases. Diffusion 
within mature cortex is nearly uniformly restricted in all direc- 
tions, and diffusion anisotropy is measurable but subtle (20, 
21). The temporally coincident evolution of cortical diffusion 
anisotropy with morphological development is schematized in 
Fig. 13.1 (10). 


Although there is a strong association between the loss of corti- 
cal diffusion anisotropy and morphological differentiation of the 
cerebral cortex, the ability to interpret FA values within the devel- 
oping cerebral cortex in terms of the underlying anatomical prop- 
erties of brain tissue will require a quantitative link between FA 
changes and specific cellular morphological changes to be estab- 
lished. The component of cerebral cortex termed the neuropil, 
which consists of axons, dendrites, and associated extracellular 
space, represents 70-80% of the cerebral cortical volume fraction 
at maturity (22, 23). Given the relative sizes (volume fractions) of 
other elements such as glial cells (3.6% (23)), vasculature (4.3% 
(23)), and neuron cell somas (22% (23)), it has been proposed 
that the loss of cortical diffusion anisotropy with brain maturation 
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Fig. 13.1. Hypothesized relationship between cortical neuronal differentiation and corti- 
cal diffusion anisotropy, taken from (10) by permission of Oxford University Press. (a) The 
left image displays neurons in the immature cortex that are undifferentiated and radially 
organized. It is hypothesized that this neuroanatomical organization causes water diffu- 
sion in the immature cortex to be highly directionally dependent, as represented by the 
ellipsoidal shapes on the right. (b) The left image is an example of neuronal organization 
in the mature cortex, wherein neurons are highly differentiated and much of the radial 
organization found at earlier stages of development is lost. It is hypothesized that the 
high degree of differentiation of neural components in the mature cortex leads to highly 
isotropic water diffusion represented by the spherical shapes on the right. 


can be attributed to morphological differentiation of the neuropil 
(Fig. 13.1) (10). 

If cortical FA reflects the degree of differentiation of the neu- 
ropil rather than some other anatomical transformation, then FA 
would be expected to depend directly on the age of neurons 
within a given cortical region. Laminar (8) and regional (24, 25) 
patterns of neurogenesis have been extensively characterized in 
several species and are known to produce gradients in neuron age 
throughout the cerebral cortex. Previously, laminar and regional 
patterns of cortical FA have been examined at multiple stages 
of development following neurogenesis in an attempt to evalu- 
ate whether morphological properties of the neuropil determine 
cortical FA values in immature cortex. 

Pyramidal neurons of the cerebral cortex are generated in 
an inside-out manner; neurons of deep cortical layers are born 
on earlier dates than neurons of more superficial layers (8). As a 
result, there is a laminar gradient in the age of these cells. Cor- 
respondingly, at early stages of cortical development, neurons of 
deep cortical cell layers have developed more extensive networks 
of obliquely oriented collateral branches of apical and basal den- 
drites than have neurons of superficial cell layers (17, 18). Based 
on these observations, a laminar gradient in cortical diffusion 
anisotropy would be expected, with superficial layers exhibiting 
higher anisotropy than deeper layers. Examination of the laminar 
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dependence of cortical FA in fetal baboon brain provides evidence 
that a superficial-to-deep, high-to-low intracortical FA gradient 
exists (26, 27). Laminar gradients in FA have also been docu- 
mented in rat cerebral cortex (28, 29). 

A regional gradient in neurogenesis has also been described, 
in which neurons of a given cortical lamina are born earlier near 
the source of a transverse neurogenetic gradient (TNG (24, 25)) 
than at distal extremes of the cerebral cortical sheet. The neu- 
rodevelopmental mechanism giving rise to the TNG of cortical 
pyramidal neurons has not yet been elucidated, however the TNG 
source within the cortical sheet has been mapped onto models of 
the cortical surface for rodent species (24, 30), carnivores (ferrets 
(31, 32) and cats (33)), and primates (9). In ferrets and cats, the 
TNG gives rise to a 5-day age difference between neurons of a 
given lamina located at the TNG source and neurons located at 
the occipital pole (31-33). In the ferret (34), cortical FA values 
measured at ages P6 through adulthood were fitted to a model 
in which FA decreases exponentially with postnatal age following 
migration of pyramidal neurons to the cortical plate. From this 
analysis, it was found that the difference in FA between the TNG 
source and occipital pole corresponds to an age difference of 5 
days, in agreement with previous histological estimates (31-33) 
and in close correspondence to differences in the ages of layer 
II neurons estimated by autoradiographic cell-birthdating studies 
of ferret somatosensory and visual cortical areas (35, 36). Similar 
rostral/lateral to caudal/dorsal cortical FA patterns correspond- 
ing to the TNG have also been observed in rat (28), baboon (27), 
and human (37). 

Quantitative characterizations of laminar and regional pat- 
terns of cortical FA have thus established a correspondence with 
the age of pyramidal neurons within ferrets and baboons. This 
association is suggestive that a relationship exists between changes 
in cortical FA and morphological development of the neuropil. 
To provide further evidence of this potential relationship, a com- 
parative analysis of data published from several laboratories is pre- 
sented here to determine whether FA changes observed across 
species correspond to a common stage of brain development. 


2.3. Application of A morphological abnormality common to individuals affected 
Diffusion Anisotropy by a diverse array of neurodevelopmental disorders has been 
to Monitor Cerebral observed in which dendritic arbors of the early developing cere- 
Cortical Development bral cortex are less elaborate than in age-matched control indi- 
Is a Potential viduals (reviewed by Kaufmann and Moser (38) and in a special 
Strategy to Use DTI issue of Cerebral Cortex (39)). Simplified cerebral cortical neu- 
for Early Detection of ronal morphology has been particularly well documented in anal- 
Neurodevelopmental 


yses of Golgi-stained tissue from experimental animals exposed to 
alcohol during the fetal period (40-43) and in tissue from indi- 
viduals with Rett syndrome (44) (as well as in MECP2-deficient 
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mice (45), a genetic model of Rett syndrome). Given the poten- 
tial relationship between cortical FA and morphological differ- 
entiation of the neuropil, it is possible that DTI measurements 
could be used to detect anatomical abnormalities within a class of 
neurodevelopmental disorders. 

Current strategies that utilize DTI to characterize the neu- 
robiological basis of several neurodevelopmental disorders have 
mostly focused on cerebral white matter (WM) of affected indi- 
viduals at maturity or stages of development subsequent to the 
loss of cortical FA. Reduced WM FA relative to controls has 
been reported within contexts of disorders with genetic (e.g., 
Rett syndrome (46, 47), phenylketonuria (48)), environmen- 
tal (e.g., fetal alcohol spectrum disorder (49-52), premature 
birth (53, 54)), or multifactorial (e.g., autism (55), schizophrenia 
(56-58)) origins. It is known that plasticity in the CNS decreases 
after critical/sensitive periods which end prior to the completion 
of myelination within brain WM (59-61). These critical periods 
are specific periods of time, during which particular functional sys- 
tems can be formed. Abnormal development of, or coordination 
among, multiple neural components (i.e., neurons, dendrites, 
axons, synapses, sensory afferents) during this time could lead to 
abnormal maturation and permanent dysfunction. For example, 
deprivation of visual sensory experience early in brain develop- 
ment has been demonstrated to produce permanent effects on 
visual system processing (61-63). Thus, a DTI-based approach 
aimed at detecting morphological characteristics of disease within 
the developing cerebral cortex could potentially provide a new 
strategy that would extend the capabilities of DTI toward iden- 
tification of anatomical abnormalities prior to the end of these 
critical developmental periods. 


3. Methods 
for Quantifying 
Changes in 
Cortical FA 
with Brain 
Development 


An objective of this review is to determine whether the high-to- 
low change in cortical FA with age for a given species occurs 
at a rate that would be predicted based on other compara- 
tive studies of brain development. In order to make such a 
comparison, cortical FA measurements reported by several lab- 
oratories, using a variety of experimental approaches, must be 
combined. It is therefore important to recognize methodological 
differences between the DTI experiments reviewed here so that 
potential sources of differences between studies may be appre- 
ciated. The following discussion summarizes the primary factors 
that lead to inter-laboratory differences in cortical FA values. As 
can be observed in Fig. 13.2, differences in the magnitude of FA 
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Fig. 13.2. Isocortical fractional anisotropy is plotted as a function of post-conceptional age in five different species. 
Data from 11 independent studies were fit to the empirical mathematical model expressed in Equation [5]. Fractional 
anisotropy across species shows an exponential decline with development over the age ranges pictured. Data in a—e 
are pictured for mouse, rat, ferret, baboon, and human species, respectively. Squares indicate data collected in vivo, 
while circles represent data collected from post-mortem samples. Open shapes indicate data that were insufficient for 
modeling a time constant for an exponential decline in FA (tpa); 1 = (89), 2 = (92), 3 = (29), 4 = (28), 5 = (75), 6 = 
(34), 7 = (93), 8 = (27), 9 = (37), 10 = (10), 11 = (76). 


values exist between studies. However, an underlying assump- 
tion of the analysis presented here is that the rate of change in 
FA within each of the studies reviewed is, neglecting species- 
specific differences, consistent between studies despite differences 
in absolute FA values at a given age. Justification of this approxi- 
mation is based on acknowledgment that experimental conditions 
are held fixed within each of the studies shown in Table 13.1 with 
respect to the factors discussed below. 
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3.1. DTI 
Measurements Have 
Been Performed 

on a Diverse Array 
of Experimental 
Subjects 


3.1.1. In Vivo Versus The use of post-mortem tissue permits long scanning times for 

Post-mortem imaging experiments, which can be used to obtain high-image 
spatial resolution with a high signal-to-noise ratio (SNR). As a 
result, MRI investigations of the CNS utilizing post-mortem tis- 
sue have seen increasing use over recent years (19, 26-28, 34, 
64-71), and much progress has been made toward understanding 
the degree of correspondence between in vivo and ex vivo mea- 
surements (64, 65, 67, 70-74). Due to the sensitivity improve- 
ments that can be realized, many of the investigations of cortical 
FA changes with development listed in Table 13.1 have been per- 
formed on post-mortem tissue. 

One difference in water diffusion between in vivo and post- 
mortem tissue is that the apparent diffusion coefficient (ADC) of 
water decreases by a factor of ~2.7 (71) following death and tis- 
sue perfusion fixation. This decrease in the ADC likely arises from 
several differences between living and post-mortem tissue, includ- 
ing physiological (e.g., membrane permeability to water) and 
temperature (magnet bore vs. physiological temperature) varia- 
tions (64, 65, 72, 73). A practical consequence of the low ADC 
value in post-mortem tissue is a requisite pulsed-field gradient 
system capable of producing strong (approximately 20 G/cm or 
greater) magnetic field gradients to achieve appropriate diffusion- 
sensitization settings (“b values”) to characterize water diffusion 
without requiring excessively large echo time (TE) values. Such 
gradient capabilities are standard on small animal imaging MRI 
systems but are not included in human clinical instrumentation. 

In spite of the large difference in ADC between living and 
post-mortem tissue, diffusion anisotropy differences between the 
two tissue states in adult GM and WM structures have been found 
to be less significant (64, 65, 72, 73) if present at all (67, 71). 
Specifically, within the context of the developing cerebral cortex, 
time courses of cortical FA changes with development in rat in 
vivo (29, 75) and post-mortem (28) are highly similar, as are 
comparisons between post-mortem human (68) or non-human 
(27) primates and in vivo human studies (10, 11, 37). The anal- 
ysis presented below provides further evidence that similar con- 
clusions with regard to development of the cerebral cortex can be 
drawn from in vivo and post-mortem DTI measurements. 

With regard to comparisons between measurements per- 
formed on living and post-mortem tissue, an additional layer of 
complexity is introduced in studies of post-mortem tissue that has 
not undergone fixation with aldehydes. Empirical data show that 


338 Leigland and Kroenke 


3.1.2. Measurements 
in Species with 

Gyrencephalic Versus 
Lissencephalic Brains 


3.2. DTI 
Measurements Have 
Been Performed 
Using Varying 
Experimental 
Settings 


3.2.1. Image Resolution 


FA measurements obtained from post-mortem brain tissue vary 
with the amount of time that elapses between death and tissue 
fixation due to autolysis (64, 72). An implication of this finding is 
that measurements conducted on unfixed post-mortem tissue will 
depend on the post-mortem interval prior to data collection. For 
obvious reasons, this aspect of a DTI study of human subjects is 
not readily controlled (76, 77). 


One striking difference between cerebral cortices of lower 
(mouse, rat) and higher (ferret, old world monkey, human) ani- 
mal forms studied by DTI is the presence of sulcal and gyral 
fissures on the latter at maturity. Notably, the cerebral cortices 
of gyrencephalic species do not posses gyri and sulci at the 
developmental stage immediately following migration of pyrami- 
dal neurons to the cortex. The loss of cortical FA with develop- 
ment coincides with cortical folding in these species. Therefore, 
the question arises whether mechanical forces associated with 
cortical folding influence cortical FA measurements exclusively 
within gyrencephalic species and thus confound comparisons with 
rodents. The analysis below demonstrates that, despite significant 
differences in the extent of cortical folding between species, corti- 
cal FA changes occur over a remarkably consistent period of brain 
development. Further, the potential role of gyrus/sulcus forma- 
tion on the loss of cortical FA was specifically investigated in a 
study of ferret brain development (34). It was observed that cor- 
tical FA was slightly larger within sulci than gyri at a given age, but 
that variation throughout the cortical sheet in FA due to position 
relative to gyri/sulci was modest relative to temporal, laminar, 
and regional patterns in FA (34). 


In the studies summarized in Table 13.1, a range of image res- 
olution settings were used for measuring diffusion anisotropy. As 
a result of variation in the thickness of the cerebral cortical wall 
with brain volume among species, the laminar gradient in cortical 
FA is usually expressed over a different distance scale for different 
species. Comparative studies of the dependence of mean cortical 
thickness upon cortical volume (78, 79) lead to estimates that rat 
cerebral cortex (mean cortical thickness = 1.05 mm) is 39% of 
that of human (2.72 mm). Given these dimensions, it should be 
recognized that cortical FA values typically reflect averaged mor- 
phological tissue properties over multiple cortical lamina. This is 
particularly true in the developing cerebral cortex, which is thin- 
ner than the cortex at maturity. 


3.2.2. Number of 
Diffusion-Sensitization 
Directions 


3.3. Multiple 
Post-acquisition 
Analyses Have Been 
Employed to Quantify 
Diffusion Anisotropy 


3.3.1. ROI Analyses 
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In DTI studies directed at WM, it has become recognized that 
water diffusion within volume elements that overlap multiple fiber 
tracts of different orientations can give rise to multimodal dif- 
fusion tensors (80). In order to infer complex WM fiber archi- 
tecture, it is necessary to make use of measurement schemes in 
which several (e.g., 25 or more) diffusion-sensitization directions 
are sampled. Image acquisition procedures such as high-angular 
resolution diffusion imaging (81, 82), diffusion spectrum imag- 
ing (83), or q-ball (84) can be used to facilitate such sophisti- 
cated DTI analyses. In contrast to the multimodal fiber orienta- 
tion distribution expected within some regions of WM, reports 
on the distribution of axonal and dendrite orientations inferred 
from DTI measurements of the developing cerebral cortex to 
date have revealed unimodal (85), radially oriented axial symme- 
try. The corresponding axial symmetry observed for water dif- 
fusion within the immature cerebral cortex enables data to be 
modeled with a less complex DTI expression than that typically 
used for WM (26, 85). Therefore, analyses of cortical diffusion 
anisotropy have, in many cases, made use of a modest num- 
ber (less than 12) of diffusion-sensitization directions. Gener- 
ally, however, in DTI investigations, the SNR increases with the 
amount of time devoted to acquiring data, and thus studies with 
additional diffusion-sensitization directions gain precision relative 
to DTI measurements that sample a coarser set of directions over 
a shorter period of time. 


In order to perform a quantitative analysis of cortical FA changes 
with age, a reliable method of extracting FA values from MRI data 
is needed. Specifically, it is important that an approach adopted 
to quantify cortical FA avoids potential covariation due to depen- 
dencies on laminar and regional position. A number of strategies 
have been described for accomplishing this. The array of analy- 
sis procedures may be broadly categorized into region of interest 
(ROI) and surface-based methods. 


In the majority of studies summarized in Table 13.1, cortical 
FA is quantified within a number of individuals through man- 
ual delineation of a region of the cerebral cortex and report- 
ing an average within the identified region. Such an approach 
can be used to produce highly reliable estimates of cortical FA 
because manual supervision can ensure that consistent regions 
are delineated across individuals and can verify the location of 
the ROI boundaries with respect to regional and laminar posi- 
tion. One drawback, however, is that ROI dimensions are large 
relative to individual cortical lamina and therefore averaged FA 
values include contributions from cortical tissue that has under- 
gone varying extents of morphological differentiation. Lastly, due 
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3.3.2. Surface-Based 
Methods 


4. Interspecies 
Comparison 
Between the Rate 
of Loss in Cortical 
Diffusion 
Anisotropy and 
the Rate in Which 
Developmental 
Milestones Are 
Surpassed 


to the need for a rater to prescribe the location of ROI bound- 
aries, this technique is susceptible to rater-induced bias. 

Huang et al. (28) have described an ROI-based approach 
that addresses cortical FA variation due to laminar position. For 
each region-specific ROI, these investigators quantified FA within 
three zones defined relative to distance from the pial surface along 
a line normal to the local surface tangent plane. Laminar speci- 
ficity is thus obtained from the authors’ reports of cortical FA 
changes with age in outer, medial, and inner cortical zones (28). 


An approach that can be used to address regional and laminar 
patterns in cortical FA utilizes surface models of the cortical sheet 
(86). For visualization purposes, Huang et al. (28) projected cor- 
tical FA values onto a cortical surface model by color-coding the 
model according to the FA within the voxel intersected by the 
surface. By incorporating surface registration procedures (86), it 
is possible to delineate the boundaries of an ROI on an atlas sur- 
face (to produce a “surface-based ROI” rather than a “volume- 
based ROI” as described above) and automatically project the 
ROI boundaries on surface models representing individual brains 
in order to facilitate quantitative analyses of cortical FA values. 
This approach was adopted in a study of baboon development 
(27). Surface-based methods also can facilitate an analysis that 
accommodates laminar variation in cortical FA. As an example, an 
approach similar to Huang et al. (28) was adopted in a study of 
ferret development, in which line segments normal to the local 
surface tangent plane were defined for every node on each ani- 
mal’s surface (34). To extract cortical FA values specifically from 
the immature superficial lamina of the developing cortex, the 
maximum cortical FA value intersected by each line segment was 
projected onto the surface models. Thus, surface-based meth- 
ods can be used to generate automated analyses that account 
for potential variation in cortical FA values due to laminar and 
regional heterogeneities in temporal patterns of morphological 
differentiation. 


Indices of cortical diffusion anisotropy have been characterized 
throughout early development in five species: mouse (Mus mus- 
culus), rat (Rattus norvegicus), ferret (Mustela putorius furo), 
baboon (Simia hamadryas), and human (Homo sapiens) (Table 
13.1). For the subset of (Table 13.1) studies suitable for the 
analysis described below, the species-dependent rate of reduc- 
tion in cortical FA is quantified in terms of an exponential decay 
time constant, tpa. The estimated tpa values are compared to 


4.1. Conventions 
Adopted to Facilitate 
Interspecies 
Comparisons 


4.2. Extracting 
Species-Specific 
Developmental Time 
Constants from 
Investigations of 
Cortical FA 


4.2.1. Accumulation 
of Data 
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independently estimated rates of brain development for these 
species using a model developed by Finlay et al. (14-16). 


It is well recognized that the length of gestation is highly variable 
relative to other aspects of development across species (14-16). 
As a result the relevant measure of age is relative to conception 
rather than to birth. In contrast, several DTI investigations report 
age in terms of postnatal age. Gestation lengths of 18.5, 21.5, 
41, 185, and 270 for mouse, rat, ferret, baboon, and human, 
respectively (15), have been assumed for purposes of converting 
postnatal to post-conceptional age. 

An additional convention adopted herein is that the term 
cerebral cortex is used synonymously with the terms “isocortex” 
or “neocortex.” The inclusion of isocortical regions was a crite- 
rion for inclusion of published studies in this analysis because allo- 
cortical and deep gray matter structures do not undergo devel- 
opmental trajectories of migration, followed by morphological 
differentiation, similar to the isocortex (9). Importantly, non- 
isocortical gray matter structures also do not exhibit high-to-low 
changes in FA with development (27, 34). 


Table 13.1 summarizes 11 published DTI investigations of cere- 
bral cortical development. Criteria for inclusion in Table 13.1 
were that cortical FA values during the fetal and/or perinatal 
periods are reported in graphical or tabular format, on healthy 
(or experimental control) individuals, and that no redundancy 
in the set of individuals may occur between data sets. Diffusion 
anisotropy values were obtained from these articles either directly 
from the authors, from data values listed in the published paper 
in a tabular format, or by estimating data values from published 
graphs. In the latter case, grids were placed over high-resolution 
images of graphs to obtain diffusion anisotropy values and/or 
ages, at which data were collected. Many of the reports included 
in Table 13.1 were directed at different regions of interest within 
the isocortex. If the entire isocortex was not studied (e.g., in a 
surface-based analysis), all regions of interest studied were aver- 
aged at each developmental time point for the analysis presented 
here to provide an approximation of overall isocortical FA. Addi- 
tionally, where possible, analysis presented here focuses on super- 
ficial layers of the cerebral cortex. As described above, mean FA 
values incorporate several cortical lamina, and thus represent a 
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4.2.2. Conversion of 
Anisotropy Parameters 


4.2.3. Modeling 
Temporal Changes as an 
Exponential Decay 
Toward a Positive Offset 


heterogeneous set of FA values across the cortical depth. In cases 
where values were reported for different layers, data were col- 
lected only from superficial layers. 

For one of the studies conducted on human subjects (37), it 
was not feasible to extract FA values from the published graphs. 
However, in this case, FA changes were modeled as a linear 
decrease with age within four distinct cortical areas. Cortical FA 
values were thus obtained by averaging the four reported slope 
and intercept values and interpolating FA values along a line 
described by the mean slope and intercept values over the age 
range reported for individuals in this study. 


As different measures of cortical diffusion anisotropy were used 


among the studies listed in Table 13.1, all measures were con- 
verted to FA. 


Fax 2 (Ay — ADC)? + (A2 — ADO)? + (A3 — ADC)? n] 
V2 AT HAZ +A 


ADC = (Aq +A2 + A3)/3 [2] 


In Equations [1] and [2], ADC is the apparent diffusion coef- 
ficient, and A}, 42, and 43 are eigenvalues of the diffusion tensor 
(6, 7). Two alternative rotationally invariant measures of diffusion 
anisotropy are A, and relative anisotropy (RA). The conversion of 


Ag to FA is 
FA = As ,/3/ (242 +1) [3] 


and the conversion of RA to FA is (87, 88) 


m=i 3/ (RA? +1) [4] 


Figure 13.2 shows cortical FA values versus post- 
conceptional age for the 11 studies listed in Table 13.1. 


It has been previously proposed that, for a single position with 
respect to the regional cortical FA gradient, cortical FA decreases 
exponentially from a maximal value (FAmax) observed immedi- 
ately following migration of immature neurons to the cortical 
plate, toward an asymptotic value characterizing cortical FA at 
maturity (FAmin) at a rate that can be characterized by the time 
constant Tpa (34) 
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FA= FAmax if £ < finit 
(FAmax — FAmin) exp (- (t = Fea ly TEA) + FAminif t > fnit - [5] 


In Equation [5], fnit is the post-conceptional age at which FA 
begins to decrease and is associated with the initiation of mor- 
phological differentiation within a given cortical area. 

The majority of studies listed in Table 13.1 do not provide an 
analytical expression to model FA changes with age. Exceptions 
are the ferret study in which the Equation [5] expression was 
proposed (34), a study of human subjects in which FA changes 
were considered to decrease linearly with age (37), and a study 
of human post-mortem brains in which cortical FA was approx- 
imated using a quadratic function of age (76, 77). A drawback 
to linear and quadratic models of cortical FA changes with age is 
they do not asymptotically converge to a value that is reflective 
of differentiated cortex. Thus, for reports listed in Table 13.1 
that produced data suitable for analysis using Equation [5], TFA 
values were calculated to provide comparisons to independently 
measured species-specific rates of brain development. 

Three of the studies included in Table 13.1 could not be ana- 
lyzed using Equation [5]. For one of these cases, cortical FA was 
reported at two ages (29) and an additional study reported corti- 
cal FA at four ages (89). For these two studies, an analysis using 
Equation [5] is underdetermined because there are as many (or 
more) adjustable parameters in the model as there are measured 
data values. The study of Deipolyi et al. (37) was also not used for 
the Equation [5] analysis because extraction of FA values required 
reference to a model in which FA linearly decays with age and this 
step in the data analysis would introduce systematic error in sub- 
sequent fitting using the exponential function in Equation [5]. 
Data from studies not analyzed using Equation [5] are plotted as 
open symbols in Fig. 13.2. 

Data reported in the remaining eight studies listed in Table 
13.1 were fitted using the Equation [5] model and the non- 
linear least squares optimization routine implemented in Mat- 
lab (The Mathworks, Boston, MA). Results of these analyses are 
summarized in Table 13.2 and are represented as solid curves in 
Fig. 13.2. For species in which more than one study is available 
(rat, ferret, and human), analyses were performed such that tinit 
values were constrained to a common species-specific value. Due 
to the lack of data at early and/or late ages for a subset of species, 
it was necessary to impose educated guesses as constraints in some 
optimization calculations. For the primate species, unconstrained 
optimization yielded ż init values of 125 and 195 days for baboon 
and human, respectively. Such values are considered unrealistically 
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4.3, Comparisons 
of Cortical Diffusion 
Anisotropy Data 

to Species Scores 


Table 13.2 

Parameters utilized in the comparison between time con- 
stants for exponential decrease in FA (tfa) and neurodevel- 
opmental events (7 Event) 


finit TFA T Event 

Species References (days) FAmax FAmin (days) (days) 
Mouse (2) 20 0.53 0.20 3.3 12.02 
Rat (75) DD) 0.54 0.28 2.7 14.54 
(28) DD 0.53 0.29 5 14.54 

Ferret (34) 49 0.77 0.32 10.7 32.74 
(93) 49 0.75 0.26 11.9 32.74 

Baboon (27) 100? 0.67 019 319 80.544 
Human (77) 173? 0.49 0.10° 512 91.75 
(10) 173° 0.32 0.10° 39.8 91.75 


Baboon fnit constrained to be < 100 days. 

ÞHuman finit constrained to be < 175 days. 

“Human FAmin constrained to be > 0.10. 

4Baboon TEyent score converted from macaque score based on gestation lengths of 
185 and 165 days for baboon and macaque, respectively. See text for details. 


high because cortical FA is known to decrease in baboon fol- 
lowing gestational day 100 (unpublished observations), and data 
from human studies indicate cortical FA decreases over the period 
from 175 to 195 days gestation (11, 37, 68, 90). Thus, opti- 
mizations were performed by constraining finit values to 100 and 
175 days in baboon and human species, respectively. Additionally, 
optimizations performed, in which FAmin was not constrained 
produced unrealistically small values for this parameter of approx- 
imately 0.05 in human studies. Although a realistic estimate of 
FAmin will depend on experimental conditions as discussed above, 
previous estimates of cortical FA at maturity are on the order of 
0.2 (21). Thus, FAmin values for the studies of human subjects 
were constrained to be 0.1 or greater. 


A translational model of brain development (14-16) was used 
to obtain a quantitative measure of the rate of neuroanatom- 
ical development in each species that has the same physi- 
cal units as tpa. The translating time model (http://www. 
translatingtime.net/) relates post-conceptional age to a species 
score, an event score, an interaction term, and a constant factor 
of 4.34 through the expression 


Post conceptionalage = exp(species score+event score [6] 


+ interaction term) + 4.34. 
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The species score reflects the rate of development of particu- 
lar species; species that develop relatively slowly will have higher 
scores. The event score reflects the timing of specific neural events 
(e.g., the appearance of the external capsule) with events occur- 
ring later in development having higher scores. The interaction 
term reflects a slower rate of cortical development in primates; 
it equals 0.249 for events occurring within the cerebral cortex 
in primate species and equals 0 otherwise. The constant factor 
represents the amount of time over which extremely early devel- 
opmental events (i.e., blastulation) occur. 

For each of the five species included in Table 13.1, the period 
of time between the end of neurogenesis in cortical layers II/III 
(characterized by an event score of 1.929) and eye opening (char- 
acterized by an event score of 2.546) was calculated. This time is 
defined here as TẸvent and is expressed in units of days. Numerical 
values for TEyent are given for mouse, rat, ferret, and human in 
Table 13.2. To obtain a TEyent for baboon (a species not explic- 
itly included in the translating time model (14—16)), a correction 
factor, which is the ratio of the lengths of gestation for baboon 
divided by that for macaque (185/165 days) was multiplied by 
TEvent for macaque to obtain the value given in Table 13.2. The 
baboon T yent derived is in qualitative agreement with observa- 
tions reported in a histological study of baboon brain develop- 
ment (91). 

Figure 13.3 provides a graphical comparison of TEyent and 
tpa values for the five species. Generally, variation in T£yent 
is matched by a proportional variation in tpa, which reflects 
agreement between cortical FA changes and other developmen- 
tal events in estimating the rate of brain development. The line 
intersecting the origin, fit to the Fig. 13.3 data (dashed line), has 
a slope of 0.454, indicating that the time constant associated with 
cortical FA decay with age is 45.4% the length of the time elapsed 
between cortical layers II/III neurogenesis and eye opening. 

The most notable potential deviation from a proportional 
relationship between TẸvent and tpa in Fig. 13.3 is observed for 
human species, in which the tpa values for both studies are larger 
than predicted based on TẸ£vent. Given the small number of studies 
investigated, it is conceivable that random error or inaccuracies in 
the measurement and/or modeling strategies employed for these 
studies are the source of this discrepancy. Two additional potential 
sources of difference between data for human and other species 
could also be considered. First, the difficulty of obtaining mea- 
surements of “normal” human individuals should be acknowl- 
edged. The in vivo studies (10, 37) utilized prematurely delivered 
human infants that showed no overt signs of neurological disorder 
as subjects. However, it could be argued that premature birth in 
itself predisposes individuals to heightened risk of abnormal brain 
development, and the inflated tz, values observed here reflect 
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Fig. 13.3. Time constants for the exponential decrease in fractional anisotropy (tpa) are 
plotted as a function of neuroanatomical development times (T Event) for five different 
species. Time constants for decreases in fractional anisotropy were calculated based 
on the empirical mathematical model expressed in Equation [5]. Neurodevelopmental 
event times were calculated based on the days between the end of neurogenesis in 
cortical layer II/III and eye opening for each species (14-16). A high degree of corre- 
lation was found between time constants among and across species, suggesting that 
neuroanatomical development in the isocortex underlies patterns in diffusion anisotropy 
seen with age. The dashed line was obtained by fitting a line intersecting the origin to the 
eight data values. The slope of this line is 0.454. Open symbols indicate data collected 
in vivo, while closed symbols represent data collected from post-mortem samples. Ref- 
erences are numbered as in Fig. 13.2. 


reduced rates of development relative to control individuals in 
this population. A similar argument could be made that the brain 
tissue obtained in the post-mortem analysis (76) is not represen- 
tative of “normal” brain. A second potential source of discrepancy 
between human TẸvent and Tpa values is a species-specific mecha- 
nistic difference between biophysical determinants of cortical FA 
and development milestones used to build the translating time 
model. Additional study is necessary to discern whether true dif- 
ferences are being observed between humans and other species in 
TEvent and Tpa Comparisons. 


5. Summary 
of Findings 
and Conclusion 


Despite high variability in many of the parameters employed in 
the studies reviewed here, patterns of cortical diffusion anisotropy 
during early developmental stages, found among studies both 
within and across species, are strikingly similar. Changes in FA 
can be accurately approximated using an empirical mathematical 
expression (Equation [5]), and the time periods over which the 
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decreases in FA occur correspond to similar developmental events. 
This suggests that there is a common mechanism underlying DTI 
measurements among these studies. 

The time periods reviewed correspond to periods of neuronal 
differentiation, specifically the differentiation of neurons or peri- 
ods of increasing complexity of neuritic arbors. Therefore, infer- 
ences about cortical microanatomy should be possible based on 
animal studies employing DTI methodology. The comparisons 
between time constants calculated from exponential decreases 
in FA and neuroanatomical events across five different species 
support this concept (Fig. 13.3). In this comparison, there 
was a significant correlation between Tpa and TEyent (7 =0.996, 
p < 0.0001; statistics implemented in Statview [SAS, Cary, NC]). 
This direct correlation suggests that rates of reduction in FA cor- 
respond to overall rates of neural development for these species. 
In addition to suggesting that DTI methodology can infer neu- 
roanatomical differentiation in the cerebral cortex, this compar- 
ison suggests that utilizing DTI methodology in animal species 
should allow for results to be applicable to humans. 
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